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ABSTRACT

This laboratory investigation was performed to evaluate the feasibilityof utilizing in situ
chemical oxidation for remediating the secondary source of groundwater contaminants at
the Idaho National Engineering and Environmental Laboratory (INEEL) Test Area North
(TAN) Site. The study involved trichloroethene (TCE) contaminated media
(groundwater, soil, and sludge) from TAN. The effectiveness of the selected oxidant,
potassium permanganate (KMn04), was evaluated at multiple oxidant and contaminant
concentrations. Experiments were performed to determine the oxidant demand of each
medium and the rate of TCE oxidation. The experiments were performedunder highly
controlled conditions (gas-tight reactors, constant 12 °C temperature). Multiple
parameters were monitored over time including Mn04"and TCE concentrations and pH.

The organic sludge has a very large oxidant demand (70 mg Mn047g) relative to the
other media evaluated (0.05-0.2 mg Mn047g). TCE was rapidly oxidized under all
conditions investigated in this study. In most cases, TCE concentrations declined to less
than the method detection limit in less than 30 minutes. The oxidation rate appeared to
increase with initial TCE concentration. Even the lowest TCE loss rates observed are

sufficiently rapid to suggest that in situ chemical oxidation would be effective for
remediating dissolved TCE at the TNEEL TAN site.
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1. IMPLEMENTATION APPROACH AND OBJECTIVES

1.1 BACKGROUND

A laboratory treatability study was recently conducted at the Oak Ridge National Laboratory
(ORNL) to evaluate the feasibility of using in situ chemicaloxidation (ISCO) for subsurface
remediation at the Idaho National Engineering and Environmental Laboratory (INEEL). More
specifically, this investigation focused upon using potassium permanganate (KMn04) to
remediate a hot spotnear the former injection wellTSF-05 at INEEL's Test AreaNorth (TAN).
TheORNL research teamhas been involved in laboratory and field investigations of ISCO since
1994 andhas the facilities andexperience needed to perform the required experiments.

Wastes were disposed into TSF-05 during the period 1953 through 1972. The wastes consisted
of organic sewage and industrial waste from manufacturing andmaintenance operations. The
aquifer beneath TAN is contaminated withchloroethenes andradionuclides. Presently, a plume
of trichloroethylene (TCE) extends approximately 10,000feet downgradientfrom TSF-05 at
concentrations exceeding theregulatory MCL value of 5 |j.g/L. Plumes of tritium (3H), strontium
(90Sr), and cesium (137Cs) are much smaller than the TCE plume. Organic sludge in the vicinity
of TSF-05, which is derived from sewage and other wastes disposed using TSF-05, is believed to
act as a secondary sourceof dissolved contaminants. ISCOis beingevaluated for possible use in
destroying chloroethenes in the dissolved phase (both groundwater and matrixporewater),
sorbed to geologic material (basalt andfracture-fill material), andassociated with the organic
sludge. Factors that affect the feasibility of ISCO for subsurface remediation at TAN include (1)
the amount of oxidant that would be consumedby reactions with non-targeted materials, i.e.
geologic materials, and (2) the effectiveness of ISCO for destroying dissolved chloroethenes and
organic sludge. This laboratory investigation was designed and performed to evaluate these
factors. Other factors that certainly ISCO feasibility include: mass transfer limitations, accurate
delineation of source contamination, and effective oxidant delivery to the source area.

Equations for the typical oxidation of TCE and organic matter as presented below:

2KMn04 + C2HC13 -> 2C02 + 2Mn02(s) + 2KC1 + HC1 (1)
{ORG Matter} + Mn04" -> C02 + 2Mn02(s) + H20 (2)

As depicted in the first equation, stoichiometric molar ratio of 2:1 exists for the reaction between
Mn04" and TCE. A pH change would also be expected during ISCO due to the generation of H+
ions. Please note that the second equation is a hypothesized reaction due to the complexity of
organic matter like that present within the anthropogenic TSF-05 sludge.



1.2 OBJECTIVES

Following initial laboratory shakedown and development work, the laboratory studies performed
at ORNL were designed to meet the following objectives:

1. Measure oxidant demand of "dissolved plume media"
2. Measure oxidant demand of "hot spot media"
3. Measure oxidation rate of chloroethenes in the "dissolved plume media"
4. Measure oxidation rate of chloroethenes in "hot spot media"

Actual media from the INEEL TAN site were used in these experiments. A summary of the
TAN site materials received by ORNL is presented in Table 1. For the purposes of this
treatability study, "dissolvedplume media" is defined as any of the following TAN Site
materials: TAN-40 groundwater (GW), aggregate basalt, crushed basalt, or sediment. Similarly,
TSF-05 GW and organic sludge from the TSF-05 injectionwell are defined as "hot spot media"
in these experiments. Furthermore, as a result of the work performed to meet objectivesNo. 2
and 4 above, the effectiveness of ISCO for destroying organic sludge was also obtained (see
Section 2.4.5).



Table 1. TAN Site Materials Used in the Laboratory Treatability Studies.
Material As Received Labeling/Description Quantity

Received

Dissolved Received 2/11/98 60 liters

Plume TAN-40/GW/01

Groundwater Collected at 275'.

Hot Spot Received 2/11/98 80 liters

Groundwater TSF-05/GW/01

Aggregate Received 2/11/98 6 kg
Basalt TAN-37/BSLT/01

Crushed Basalt Received 2/11/98

TAN-37/BSLT/02

9 kg

Sediment Received 2/11/98

(SED1) TAN-37 Sed/01

Received 3/3/98

100 g

Q-R Interbed 500 g
322 TAN 33 50 g
Frac/Fill TAN-38 & TAN-40 775 g

Sediment Received 7/31/98

(SED2) Sediment from TAN-33 Borehole

(Interbed beneath and within the
TAN aquifer)
Sample 1 (213.5'-228') 149 g
Sample 2 (348'-353') 85 g
Sample 3 (366') 10 g
Sample 4 (QR 441') 190 g
Sample 5 (CI 144') H3g

TSF-05 Sludge Received 2/27/98 & 3/2/98 20 liters

Depth: 307.5'-310' (36 kg)



1.3 APPROACH

Activities conducted during this study were guided by the scope of work (SOW) transmitted to
ORNL. The SOW included preliminary activities to prepare for the laboratory experiments and
a framework of parameters and variables to be evaluated in order to accomplish the objectives
described in Section 1.2. Guidelines for disposing of the laboratory residuals and preparing
monthly cost and technical progress reports were also included in the SOW. Specifically, the
SOW consisted of the following eight (8) tasks:

Task 1. Preparation of Project Planning Documents
Task 2. Preliminary Laboratory Studies
Task 3. Measurement of the Oxidant Demand of TAN Subsurface Materials

Task 4. Measurement of Oxidation Rates of the TAN Subsurface Materials

Task 5. Waste Disposal
Task 6. Progress Reports
Task 7. Preparation of Final Report
Task 8. Presentation of the Laboratory Results

Several of these eight main tasks involved multiple subtasks. For additional details, the SOW
can be found in this report as Appendix A. The majority of the laboratory activities were
associated with Tasks 3 and 4 of the SOW, which were further divided into studies involving the
dissolved plume media and the hot spot media. Due to the higher radionuclide activity of the
TSF-05 sludge, most experiments involving the hot spot media were conducted at ORNL's
Radioactive Materials Analytical Laboratory (RMAL). The RMAL is functionally a part of
ORNL's Chemical and Analytical Sciences Division. ORNL's Environmental Sciences Division
(ESD) performed all the experiments involving the dissolved plume media. Furthermore, ESD
performed the all the VOC analyses for both ORNL research teams.

1.4 PROCEDURES

A detailed laboratory testplan with step by step instructions needed to execute the laboratory
experiments was prepared by ORNL. This section describes the general procedure/approach
used for each type of experiment and/or task. This section also describes many of the QA/QC
elements that were written into the testplan. The laboratory testplan is included in this report as
Appendix B if further details regarding the mechanics of each experiment are desired. Any
significant deviations from the testplan and/or problems encountered during execution of the
experiments are presented within the results and discussion section of this report (Section 2.0)
for the affected experiment(s).



1.4.1. Summary Procedures for Preliminary Laboratory Experiments
The preliminary laboratory experiments (Task 2 SOW in Appendix A) were conducted to assess
whether the equipment and/or approach planned for the experiments in Tasks 3 and 4 of the
SOW were appropriate. The general methodology used for each Task 2 subtask is discussed
here.

1.4.1.1. Reactor Development

The oxidation experiments utilizing TCE-spiked TAN media and KMn04 (SOW Task 4) must be
performedunder controlled conditions to minimizeand quantify VOC losses from the reaction
vessels due to volatilization. Zero headspace extraction vessels used by the ORNL research team
in the past could not be used due to their small sample capacity (130 mL). Thus, alternative
reactors had to be acquired and tested. These experiments were designed using the TCE mass
balance as the main criterion to evaluate reactor acceptability. Most reactor acceptability
experiments were conducted at room temperature using distilled water as the TCE spiked
medium. This development task was an iterativeprocess until the right combination of sampling
ports, gaskets, etc. was achieved. Procedures used in the numerous shakedown experiments are
not presented here. Instead, a summary of the procedure used to evaluate the final reactor
configuration can be found in Section 2.2.1 along with a description of the selected reactor.



1.4.1.2. Determination of Hexane Extraction time of TCE from TAN Media

TCE was extracted from aqueous and solid media by hexane extraction, and the hexane was
analyzed by gas chromatography. Before the experimental procedures for the oxidation
experiments couldbe finalized, experiments wereperformed to determine the optimum
extraction time for transferring TCE fromthe solid and aqueous phasesof the TAN site media
into the hexane phase. In these batch experiments, TAN site groundwater was spiked with TCE
andallowed to equilibrate overnight at 12-15°C with each type of solid phase media at «4:1
liquid/soil (weight basis). (Extraction of TCE from the groundwater alone was also evaluated.)
A summary of the hexane extraction time experiments is presented in Table 2. Each test
condition was conducted in duplicate.

After equilibration of the spiked groundwater with the solid phase material (when applicable),
the contents of each vessel (40 mL vials) were transferred to a larger container (125 mLglass
jar) and extracted with anequal volume of hexane. The extraction portion of the experiment was
conducted atroom temperature. Atvarious time points during theextraction step, samples from
both the hexane and aqueous phases were collected and analyzed for TCE as discussed below in
Section 1.4.4. For these experiments, the aqueous phase samples pulledfrom the second
container were extracted for an additional 30 minutes priorto analysis. Thedetailed procedures
used for these experiments can be found in the laboratory testplan (Appendix B) under the
applicable Exp. ID listed in Table 2.



Table 2. HexaneExtraction Time Experiments for the TAN Site Media.

ORNL Initial Initial Organic Initial
Exp. Basalt L/S TCE Co-Contaminant Mn04"
I.D.a Media Used Form Ratio Cone.

(W?/L)

Cone.

(Ug/L)
Cone.

(%)
TAN-40 GW NA NA 1,000 0 0.0
TAN-40 GW NA NA 1,000 0 0.0
TAN-40 GW/basalt Crushed 4:1 1,000 0 0.0

2b-1 TAN-40 GW/basalt Crushed 4:1 1,000 0 0.0
TAN-40 GW/SED1 NA 4:1 1,000 0 0.0
TAN-40 GW/SED1 NA 4:1 1,000 0 0.0

TAN-40 GW NA NA 1,000 0 0.0
TAN-40 GW NA NA 1,000 0 0.0

2b-2 TAN-40 GW/basalt Aggregate 4:1 1,000 0 0.0

TAN-40 GW/basalt Aggregate 4:1 1,000 0 0.0

TSF-05 GW NA NA 100,000 0 0.0
2b-3 TSF-05 GW NA NA 100,000 0 0.0

TSF-05 GW/Sludge NA 4:1 100,000 0 0.0

TSF-05 GW/Sludge NA 4:1 100,000 0 0.0

Experimental identifier used by ORNL in thecollection and interpretation of the test data.

1.4.1.3. Determination of Equilibration Time of the Aggregate Basalt with TCE Solutions

The length of time needed to equilibrate TCE concentrations in matrix porewater of aggregate
basalt pieces (i.e. 1/4to 1 inch diameter) with TCE concentrations in the surrounding (bulk)
wateris unknown. Thus, there experiments were designed to assess the needed spiking time that
would be required for spiking the aggregate basalt in the Task4 experiments. The goal of this
task was to determine the length of time requiredfor equilibrium to be reached betweenTCE in
the matrix pore water andthe surrounding solution. Two different experimental approaches were
attempted at ORNL for this task. Unfortunately, neither technique yielded definitive results.

In the first experimental approach, an initialTCE spikeconcentration of 1,000ug/L was used
(12-15°C). A studyby Pavlostathis and Jaglal (1991) involving TCE sorption onto a siltysand
indicatedquasi-equilibrium within a period of three (3) days. However, other studies with PCE
andcourse grain bulk material show equilibration to be on the order of 20 days, whereas
equilibration usingpulverized material was approximately 1 day (Ball, 1991). Thisexperiment
employedthe use of several 40 mL volatile organic analysis (VOA) vials that were filled with
either aggregate basalt or crushed basalt andTCE-spiked TAN-40 GWat a 4:1 Liquid to Soil
(L/S) ratio. (The samples containing crushed basaltwere used for comparison.) These vials
were sacrificially sampled andanalyzed for TCE at various times ranging from 2 hours to 21
days. The TCE analyses technique used in this experiment involved a hexane extraction of the
aqueous samples prior to analysis (see Section 1.4.6 for additional information). Experimental
controls (TCE-spiked TAN-40 groundwater with no solid phase) were alsocarried through the
experiment to help account for losses via volatilization, biodegradation, or sorption of TCE onto



the test equipment, etc. There was no attemptto assess parameters such as ionic strength, pH,
etc. The detailed procedure used in this experiment can be found in Appendix B.

In the second experimental attempt for this task, the general approach used was similar.
However, many steps were slightly modified (See Appendix B) in order to measure for TCE via
a purge and trap technique rather than performing a hexane extraction. Additional information
regarding why these experiments were inconclusive is presented in Section 2.2.3.

1.4.2. Summary of Procedures for Oxidant Demand Experiments

The batch oxidant demand experiments (Task 3 in the SOW) were performed to determine the
amount of oxidant consumed by each type of TAN site media received from TNEEL. TCE was
removed from all TAN site media used in the oxidant demand experiments prior to the start of
each experiment. To remove TCE from the media as received from INEEL, groundwater was
sparged with air and solid phase material was oven dried at 100°C for a minimum of 4 hours. It
shouldbe noted that experiments were not performedto determine whether this step affected the
oxidant demand of the TAN media.

Tables 3 and 4 summarize the factors evaluated during each oxidant demand experiment
performedfor the dissolved plume media and hot spot media, respectively. The dissolvedphase
media were evaluated using initial oxidant solution concentrations of 0.01%, 0.1% and 1%
Mn04". The hot spot media were subjected to initial oxidant solution concentrations of 0.01%,
0.1%, 1%, and 3% Mn04". Each TAN site medium was evaluated in duplicate

As presented in Tables 3 and 4, each solid phase medium was evaluated using a 4:1 L/S ratio.
All oxidant demand experiments were performed under controlled temperature conditions. Each
ORNLresearch team acquired an incubator/shaking chamber (Innova4230), allowing all oxidant
demandexperiments to be conducted at a constant 12°C. All test sampleswere also agitated via
a reciprocating shaker at 200-250rpm. The groundwater («400 mL) and solid phase material
(«100 g, when applicable) were first added to 500 mL Erlenmeyer flasks and allowed to
equilibrate overnight at 12°C. (The mass of each medium added was measured and recorded.) A
sample aliquot (« 6.5 mL) was then collected for pH and Mn04"analyses prior to the addition of
oxidant to the flasks (reactors). (Further information regardingthe pH and Mn04" analyses is
presented in Sections 1.4.2 and 1.4.3, respectively.) Oxidant was then added to each reactor in
accordance with Tables 3 and 4. Initial target Mn04" concentrations of 0.01% and 0.1% were
obtained by spiking the reactors with a known volume of Mn04" stock solution («4% Mn04")
prepared with distilled water. Use of a high concentration Mn04" stock solution to obtain the
initial targetMn04~ concentrations of 1% and 3% was not feasible since the maximum solubility
of KMn04 is «5% at room temperature. Instead, the mass of crystalline KMn04 needed to
achieve the desired starting Mn04" concentration was added to each reactor. An additional
aliquot (« 6.5 mL) was removed from eachreactor for pH andMn04" analyses at approximately
0.5 hr, 1 hr, 2 hrs, 4 hrs, 20 hrs, and 24 hrs afteroxidant addition for the dissolved plume media.
Suspecting that the oxidant consumption is more rapid for the hot spot media, the experiments in
Table 4 were also sampled at «10 minutes afterthe reaction start time. In all cases, the sampling
times were noted and recorded. After the final sampling period (typically 24 hrs for most
experiments), the contents of the test reactors were discarded, and laboratory determined data



were used to compute the mass of oxidant consumed by each TAN site material. Sample
calculations are presented in Appendix C. Results are presented in Section 2.3.

Table 3. Oxidant Demand Experiments for the Dissolved Plume Media.a"

ORNL Initial Initial Organic Initial

Exp. Basalt L/S TCE Co-Contaminant Mn04"
I.D.b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) (ug/L) (Hg/L) (%)

TAN-40 GW NA NA 0 0 0.01

TAN-40 GW NA NA 0 0 0.01

TAN-40 GW/basalt Crushed 4:1 0 0 0.01

3a-Rl TAN-40 GW/basalt Crashed 4:1 0 0 0.01

TAN-40 GW/basalt Aggregate 4:1 0 0 0.01

TAN-40 GW/basalt Aggregate 4:1 0 0 0.01

TAN-40 GW/SED1 NA 4:1 0 0 0.01

TAN-40 GW/SED1 NA 4:1 0 0 0.01

TAN-40 GW NA NA 0 0 0.10

TAN-40 GW NA NA 0 0 0.10

TAN-40 GW/basalt Crushed 4:1 0 0 0.10

3a-R2 TAN-40 GW/basalt Crushed 4:1 0 0 0.10

TAN-40 GW/basalt Aggregate 4:1 0 0 0.10

TAN-40 GW/basalt Aggregate 4:1 0 0 0.10

TAN-40 GW/SED1 NA 4:1 0 0 0.10

TAN-40 GW/SED1 NA 4:1 0 0 0.10

TAN-40 GW NA NA 0 0 1.00

TAN-40 GW NA NA 0 0 1.00

TAN-40 GW/basalt Crushed 4:1 0 0 1.00

3a-R3 TAN-40 GW/basalt Crushed 4:1 0 0 1.00

TAN-40 GW/basalt Aggregate 4:1 0 0 1.00

TAN-40 GW/basalt Aggregate 4:1 0 0 1.00

TAN-40 GW/SED1 NA 4:1 0 0 1.00

TAN-40 GW/SED1 NA 4:1 0 0 1.00

Equivalent to Table 2.3 in the Implementation Plan, INEEL/EXT-97-01 111, Rev0.
Experimental identifier used by ORNL in the collection and interpretation of the test data.



Table4. Oxidant Demand Experiments for the Hot Spot Media.

ORNL Initial Organic Initial
Exp. Basalt L/S Initial TCE Co-Contaminant Mn04"
I.D.b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) (Ug/L) (ug/L) (%)
TSF-05 GW NA NA 0 0 0.01
TSF-05 GW NA NA 0 0 0.01

3b-Rl TSF-05 GW/sludge NA 4:1 0 0 0.01
TSF-05 GW/sludge NA 4:1 0 0 0.01

TSF-05 GW NA NA 0 0 0.10
TSF-05 GW NA NA 0 0 0.10

3b-R2 TSF-05 GW/sludge NA 4:1 0 0 0.10
TSF-05 GW/sludge NA 4:1 0 0 0.10

[TSF-05 GW NA NA 0 0 1.00
TSF-05 GW NA NA 0 0 1.00

3b-R3 TSF-05 GW/sludge NA 4:1 0 0 1.00
TSF-05 GW/sludge NA 4:1 0 0 1.00

TSF-05 GW NA NA 0 0 3.00
TSF-05 GW NA NA 0 0 3.00

3b-R4 TSF-05 GW/sludge NA 4:1 0 0 3.00
TSF-05 GW/sludge NA 4:1 0 0 3.00

Equivalent to Table 2.4 in the Implementation Plan, INEEL/EXT-97-01 111,Rev 0
Experimental identifier used byORNL in the collection and interpretation of thetest data.

1.4.3. Summary of Procedures for Oxidation Rate Experiments

Thebatch oxidation rate experiments (Task 4 in the SOW) were performed to determine the rate
and extent of volatile organic compound (VOC) oxidation by KMn04 in the presence of the
various INEEL TAN media under investigation.

To better control initial conditions, removal of residual VOCs was attempted for all TAN site
media used inexperimentation. Groundwater was sparged with air and solid phase material was
oven dried at 100° for a minimum of 4 hours. The general approach for these experiments was
similar to that described earlier for the oxidant demand studies in Section 1.4.2; however, the
addition ofthe VOC spiking step and the subsequent VOC analyses increased the complexity of
the test procedure.

Table 5 summarizes the oxidation experiments conducted using the dissolved plume media.
Tables 6 and 7 summarize the factors evaluated during the oxidation experiment performed on
the hot spot groundwater alone and for hot spot groundwater/sludge mixture, respectively. Since
the actual contamination levels ofthe dissolved phase media are lower than those ofthe hot spot
media, the dissolved plume media was only spiked with TCE at two levels: 100 ug/L and 1,000
u.g/L. In addition, only initial target Mn04" concentrations of 0.01% and 0.1% were evaluated.
The hot spot media were spiked atthree different initial VOC levels, with one ofthem having a
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non-aqueous phase component. (The majority of the hot spot work involved TCE as the target
VOC.) The hot spot treatment experiments were investigated using four (4) initial oxidant
solution concentrations: 0.01%, 0.1%, 1%, and 3% Mn04

Each initial test condition was conducted in duplicate. Duplicate controls (containing the VOC-
spiked GW, but no Mn04~ or solid phase medium) were included in each experimental run. As
will be presented and discussed in Section 2, these controls provided a QA/QC check on the
ability of the reactors to maintain gas-tight conditions and minimize VOC losses resulting from
volatilization. Data collected from the control reactors were later used in the mass computations
that were performed to evaluate oxidation effectiveness.

Each solid phase medium was evaluated using a 4:1 L/S ratio with the appropriate VOC-spiked
TAN site groundwater. The procedure for the VOC spiking step varied depending upon the
initial VOC concentration that was desired. The different approaches used are included in the
laboratory testplan (Appendix B). With the exception of the DNAPL test conditions in Tables 6
and 7, a single spike solution was prepared within a 5 liter Tedlar bag (see Figure 1) for each
experiment, then distributed among the test reactors. This approach allowed the initial VOC
concentration to be relatively constant within a particular experimental run. In general, the solid
phase material («100 g, when applicable) was added to reaction vessel followed by distribution
of the spiked groundwater («400 mL). In all cases, the spiked groundwater or groundwater/solid
phase slurry was allowed to equilibrate at least overnight at 12°C while being shaken. (The mass
of each medium added was measured and recorded.)

Figure 1. Tedlar Bags Used to Spike TAN Site Groundwater with Target VOCs.
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As in the oxidant demand studies, a sample aliquot («7-10 mL) was then collected for VOC, pH,
and Mn04" analyses prior to the addition of oxidant to the reactors. (Further information
regarding the pH, Mn04\ and VOC analyses is presented in Sections 1.4.4through 1.4.6.
Oxidant was then added to each reactor in accordance with Tables 5, 6, and 7. The initial target
Mn04" concentrations of 0.01% and 0.1% were obtained by spiking the reactors with a known
volume a Mn04" stock solution («4% Mn04") prepared with distilled water. Useof a highly
concentrated Mn04" stock solution to obtain the initial target Mn04" concentrations of 1% and
3% was not feasible since the solubility of KMn04 is near 5% at room temperature. Instead, the
massof crystalline KMn04 neededto achievethe desired startingMn04" concentration was
added to each reactor. The reactors were immediately placedbackonto the reciprocating shaker
(200-250 rpm) inside of the 12°C incubator.

Anadditional aliquot (« 7-10mL) was removed fromeach reactor and subjected to VOC, pH,
and Mn04" analyses approximately 0.5 hr, 1 hr, 2 hrs, 4 hrs, 20 hrs, and 24 hrs after oxidant
injection in both the dissolved plume mediaandhot spotmedia studies. The actual sampling
time was noted and recorded each time. To obtain an indication of sample variability, a
duplicate sample was collected from one of the test reactors during each sampling interval. After
the final samplingperiod (typically 24 hrs for most experiments), the entire contents of the
"treatment" reactors (300+ mL) were extracted with hexane (« 400 mL) for eventual VOC
analyses (seeSection 1.4.6). All laboratory data were then used to compute the mass of oxidant
consumed by the VOC spiked mediaand the extent of VOC oxidation. Sample calculations are
presented in Appendix C. Results are presented in Section 2.4.
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Table 5. Oxidation Rate Experiments for the Dissolved Plume Media.

ORNL Initial Initial Organic Initial

Exp. Basalt L/S TCE Co-Contaminant Mn04"
I.D. b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) dag/L) (Hg/L) (%)

Control TAN-40 GW NA NA 100 0 0

Control TAN-40 GW NA NA 100 0 0

TAN-40 GW NA NA 100 0 0.01

4a-Rl TAN-40 GW NA NA 100 0 0.01

TAN-40 GW NA NA 100 0 0.10

TAN-40 GW NA NA 100 0 0.10

Control TAN-40 GW NA NA 1,000 0 0

Control TAN-40 GW NA NA 1,000 0 0

TAN-40 GW NA NA 1,000 0 0.01

4a-R2 TAN-40 GW NA NA 1,000 0 0.01

TAN-40 GW NA NA 1,000 0 0.10

TAN-40 GW NA NA 1,000 0 0.10

Control TAN-40 GW NA NA 100 0 0

Control TAN-40 GW NA NA 100 0 0

TAN-40 GW/basalt Crushed 4:1 100 0 0.01

4a-R3 TAN-40 GW/basalt Crushed 4:1 100 0 0.01

TAN-40 GW/basalt Crushed 4:1 100 0 0.10

TAN-40 GW/basalt Crushed 4:1 100 0 0.10

Control TAN-40 GW NA NA 100 0 0

Control TAN-40 GW NA NA 100 0 0

TAN-40 GW/basalt Aggregate 4:1 100 0 0.01

4a-R4 TAN-40 GW/ basalt Aggregate 4:1 100 0 0.01

TAN-40 GW/basalt Aggregate 4:1 100 0 0.10

TAN-40 GW/basalt Aggregate 4:1 100 0 0.10

a Equivalent to Table 2.5 in the Implementation Plan, INEEL/EXT-97-01111, Rev 0.
b Experimental identifier used by ORNL in the collection and interpretation ofthe test data.
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Table 5 Continued. Oxidation Rate Experiments for the Dissolved Plume Media. a

ORNL Initial Initial Organic Initial

Exp. Basalt L/S TCE Co-Contaminant Mn04"
I.D. b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) (ng/L) (Hg/L) (%)

Control TAN-40 GW NA NA 1,000 0 0

Control TAN-40 GW NA NA 1,000 0 0

TAN-40 GW/basalt Crushed 4:1 1,000 0 0.01

4a-R5 TAN-40 GW/basalt Crushed 4:1 1,000 0 0.01

TAN-40 GW/basalt Crushed 4:1 1,000 0 0.10

TAN-40 GW/basalt Crushed 4:1 1,000 0 0.10

Control TAN-40 GW NA NA 1,000 0 0

Control TAN-40 GW NA NA 1,000 0 0

TAN-40 GW/basalt Aggregate 4:1 1,000 0 0.01

4a-R6 TAN-40 GW/basalt Aggregate 4:1 1,000 0 0.01

TAN-40 GW/basalt Aggregate 4:1 1,000 0 0.10

TAN-40 GW/basalt Aggregate 4:1 1,000 0 0.10

Control TAN-40 GW NA NA 100 0 0

Control TAN-40 GW NA NA 100 0 0

TAN-40 GW/sediment NA 4:1 100 0 0.01

4a-R7 TAN-40 GW/sediment NA 4:1 100 0 0.01

TAN-40 GW/sediment NA 4:1 100 0 0.10

TAN-40 GW/sediment NA 4:1 100 0 0.10

Control TAN-40 GW NA NA 1,000 0 0

Control TAN-40 GW NA NA 1,000 0 0
TAN-40 GW/sediment NA 4:1 1,000 0 0.01

4a-R8 TAN-40 GW/sediment NA 4:1 1,000 0 0.01
TAN-40 GW/sediment NA 4:1 1,000 0 0.10

TAN-40 GW/sediment NA 4:1 1,000 0 0.10

a- Equivalent to Table 2.5 in the Implementation Plan, INEEL/EXT-97-01111, Rev 0.
bExperimental identifier used by ORNL in the collection and interpretation ofthe test data.
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Table6. Oxidation Rate Experiments for Hot SpotGroundwater. *•

ORNL Initial Initial Organic Initial
Exp. Basalt L/S TCE Co-Contaminant Mn04"
I.D. b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) (Hg/L) (tig/L) (%)
Control-TSF-05 GW NA NA 10,000 0 0
Control-TSF-05 GW NA NA 10,000 0 0

4b-Rl TSF-05 GW NA NA 10,000 0 0.01
TSF-05 GW NA NA 10,000 0 0.01
TSF-05 GW NA NA 10,000 0 0.10
TSF-05 GW NA NA 10,000 0 0.10
Control-TSF-05 GW NA NA 10,000 0 0
Control-TSF-05 GW NA NA 10,000 0 0

4b-R2 TSF-05 GW NA NA 10,000 0 1.00
TSF-05 GW NA NA 10,000 0 1.00
TSF-05 GW NA NA 10,000 0 3.00
TSF-05 GW NA NA 10,000 0 3.00
Control-TSF-05 GW NA NA 100,000 0 0

Control-TSF-05 GW NA NA 100,000 0 0
4b-R3 TSF-05 GW NA NA 100,000 0 0.01

TSF-05 GW NA NA 100,000 0 0.01
TSF-05 GW NA NA 100,000 0 0.10
TSF-05 GW NA NA 100,000 0 0.10

Control-TSF-05 GW NA NA 100,000 0 0
Control-TSF-05 GW NA NA 100,000 0 0

4b-R4 TSF-05 GW NA NA 100,000 0 1.00
TSF-05 GW NA NA 100,000 0 1.00
TSF-05 GW NA NA 100,000 0 3.00
TSF-05 GW NA NA 100,000 0 3.00

Equivalent to Table 2.6 in the Implementation Plan, INEEL/EXT-97-01111, Rev 0.
Experimental identifier usedby ORNL in the collection and interpretation of the test data.
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Table 6 Continued. Oxidation Rate Experiment.s for Hot Spot Groundwater.a"

Initial Initial Organic Initial

Exp. Basalt L/S TCE Co-Contaminant Mn04"

I.D. b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) (Hg/L) (I^g/L) (%)

Control-TSF-05 GW NA NA 100,000 10,000 0

Control-TSF-05 GW NA NA 100,000 10,000 0

4b-R5 TSF-05 GW NA NA 100,000 10,000 0.01

TSF-05 GW NA NA 100,000 10,000 0.01

TSF-05 GW NA NA 100,000 10,000 0.10

TSF-05 GW NA NA 100,000 10,000 0.10

Control-TSF-05 GW NA NA 100,000 10,000 0

Control-TSF-05 GW NA NA 100,000 10,000 0

4b-R6 TSF-05 GW NA NA 100,000 10,000 1.00

TSF-05 GW NA NA 100,000 10,000 1.00

TSF-05 GW NA NA 100,000 10,000 3.00

TSF-05 GW NA NA 100,000 10,000 3.00

Control-TSF-05 GW NA NA 2,000,000c 0 0

Control-TSF-05 GW NA NA 2,000,000c 0 0

4b-R7 TSF-05 GW NA NA 2,000,000c 0 0.01

TSF-05 GW NA NA 2,000,000c 0 0.01

TSF-05 GW NA NA 2,000,000c 0 0.10

TSF-05 GW NA NA 2,000,000c 0 0.10

Control-TSF-05 GW NA NA 2,000,000c 0 0

Control-TSF-05 GW NA NA 2,000,000c 0 0

4b-R8 TSF-05 GW NA NA 2,000,000c 0 1.00

TSF-05 GW NA NA 2,000,000c 0 1.00

TSF-05 GW NA NA 2,000,000c 0 3.00

TSF-05 GW NA NA 2,000,000c 0 3.00

Equivalent to
b Experimental
c" Indicates that

Table 2.6 in the Implementation Plan, INEEL/EXT-97-01111, Rev 0.
identifier used by ORNL in the collection and interpretation of the test
TCE is present as a DNAPL.
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Table 7. Oxidation Rate Experiments for Hot Spot Groundwater and Sludge.ac

Initial Initial Organic Initial
Exp. Basalt L/S TCE Co-Contaminant Mn04"
I.D.b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) (Hg/L) (ug/L) (%)
TSF-05 GW/sludge NA 4:1 0 0 0

Control-TSF-05 GW NA NA 10,000 0 0

Control-TSF-05 GW NA NA 10,000 0 0

4b-R9 •yep nc nWiHiirlaT NA 4t4- 40^00 0 0:04-
fop OS OWiHnrttrr NA 4f4- 10,000 0 0,04-
T9F OS fJW/-lnHirr NA 4-4- 10,000 0 0rl0
T9F nc (TWA*InHot NA 4t± 40^000 0 OrlO
Cnntrnl TSF 05 H\V NA

NA

NA

NA

NA

4f±

10,000
10,000

10,000

0

0

0

0

0
J-Q0

Pnntrnl T9F OS GW

4b RIO XSF 05 nWjHiiHcr

T9F 05 nW/"1nHtrr NA 4=4- 10,000 0 i on
TTUv

TQP OS nW/-liiHcrr NA 4r4- 10,000 0 o. on

fcp ac nWA-lnrltrr NA 44- 10,000 0 zm

Control-TSF-05 GW NA NA «40,000 d 0 0

Control-TSF-05 GW NA NA «40,000 d 0 0

4b-Rll TSF-05 GW/sludge NA 4:1 «40,000 d 0 0.01

Replaced TSF-05 GW/sludge NA 4:1 «40,000 d 0 0.01

4b-R9 TSF-05 GW/sludge NA 4:1 *40,000 d 0 0.10

TSF-05 GW/sludge NA 4:1 «40,000 d 0 0.10

Control-TSF-05 GW NA NA 100,000 0 0

Control-TSF-05 GW NA NA 100,000 0 0
4b-R12 TSF-05 GW/sludge NA 4:1 100,000 0 1.00

TSF-05 GW/sludge NA 4:1 100,000 0 1.00

TSF-05 GW/sludge NA 4:1 100,000 0 3.00

TSF-05 GW/sludge NA 4:1 100,000 0 3.00

a Equivalent to Table 2.7 in the Implementation Plan, INEEL/EXT-97-01 111,Rev 0.
bExperimental identifier used by ORNL in the collection and interpretation ofthe test data.
c Strike-through text indicates an experiment that wasnotcompleted due to problems that

developed. All such experiments were re-performed, but were assigned a different ORNL
Exp. I.D.

d Although the target TCE concentration for this ran was 100,000 u,g/L, the actual TCE spike
concentration was 40,000 ug/L. Thus, this experiment was used to replace experiment 4b-R9.
(4b-R16 replaced 4b-Rll)
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Table 7 Continued. Oxidation Rate Experiments for Hot Spot Groundwater and Sludge. a'

Initial Initial Organic Initial
Exp. Basalt L/S TCE Co-Contaminant Mn04"
I.D. b Media Used Form Ratio Cone. Cone. Cone.

(wt:wt) (Hg/L) (^g/L) (%)
Control-TSF-05 GW NA NA 2,000,000c 0 0

Control-TSF-05 GW NA NA 2,000,000c 0 0

4b-R13 TSF-05 GW/sludge NA 4:1 2,000,000c 0 0.01

TSF-05 GW/sludge NA 4:1 2,000,000c 0 0.01

TSF-05 GW/sludge NA 4:1 2,000,000c 0 0.10

TSF-05 GW/sludge NA 4:1 2,000,000c 0 0.10

Control-TSF-05 GW NA NA 2,000,000c- 0 0

Control-TSF-05 GW NA NA 2,000,000c 0 0
4b-R14 TSF-05 GW/sludge NA 4:1 2,000,000c 0 1.00

TSF-05 GW/sludge NA 4:1 2,000,000c 0 1.00

TSF-05 GW/sludge NA 4:1 2,000,000c 0 3.00

TSF-05 GW/sludge NA 4:1 2,000,000c 0 3.00

Control-TSF-05 GW NA NA 10,000 0 0

Control-TSF-05 GW NA NA 10,000 0 0

4b-R15 TSF-05 GW/sludge NA 4:1 10,000 0 1.00
Replaced TSF-05 GW/sludge NA 4:1 10,000 0 1.00

4b-R10 TSF-05 GW/sludge NA 4:1 10,000 0 3.00
TSF-05 GW/sludge NA 4:1 10,000 0 3.00

Control-TSF-05 GW NA NA 100,000 0 0

Control-TSF-05 GW NA NA 100,000 0 0

4b-R16 TSF-05 GW/sludge NA 4:1 100,000 0 0.01
Replaced TSF-05 GW/sludge NA 4:1 100,000 0 0.01

4b-Rll TSF-05 GW/sludge NA 4:1 100,000 0 0.10

a. t^ . •... i .

TSF-05 GW/sludge NA 4:1 100,000 0 0.10

Equivalent to Table 2.7 in the Implementation Plan, INEEL/EXT-97-01 111, Rev0.
b- Experimental identifier used by ORNL in the collection and interpretation ofthe test
c Indicatesthat TCE is present as a DNAPL.

data.

1.4.4. Mn04" Analyses

A portion of each sample aliquotcollected from the reactors during both the oxidant demand and
the oxidation rate studies was used for Mn04" analysis. This portion was first passed through a
0.45 u.m membrane syringe filter (cellulose acetate) to remove particulates from the aqueous
sample. (Tests forMn04" sorption onto the filters were not performed, but is expected to be
negligible given theconcentrations being evaluated.) The sample was then analyzed
colorimetrically using a Hach™ D/R2000 spectrophotometer (wavelength= 525 nm). The
spectrophotometer was calibrated using Mn04" standards (50 mg/L Mn04" maximum) prepared
using the same technical grade KMn04 used in the oxidant demand and oxidation rate
experiments. Most aliquot samples required dilution prior to analysis in order to obtain
absorbance and/or concentration values in the linear calibration range of the instrument. The
spectrophotometers were zeroed using DI (distilled, deionized) water blanks. The instrument
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used by ORNL/ESD provided absorbance values, which were then manually converted to
concentration values using the calibration curve (absorbance vs. concentration) obtained from the
standards. The instrument used by ORNL/RMAL was programmed to provide output in units of
concentration (mg/L Mn04") using the absorbance data obtained from calibration standards.
Calibration check samples (typically 10mg/L and 50 mg/L Mn04") were analyzed each time
aliquot samples were analyzed. Results of thecalibration checks were recorded inthe laboratory
researchnotebooks (Appendix F). Note that the Mn04" parameter was not defined as a decision
making criterion in the SOW;therefore, formal data packages for these measurements were not
required and/or prepared.

1.4.5. pH Analyses

A portion of each sample aliquot collected from the reactors during both the oxidant demand and
theoxidation rate studies was used for pH analysis. This portion was not filtered prior to
analysis, however, the small quantity of solids present with an aqueous aliquot was notexpected
to significantly affect the pH of the aqueous solution. The pH meters used by both ORNL
research teams were calibratedwith and/or checked against standardpH buffer solutions
(typically pH 4 and 7). The instrument was recalibrated if the readings obtainedfor the buffer
solutions drifted significantly (i.e., >15% or 1pH unit max) during the time period that samples
were being analyzed. Notethat the pH parameter was not defined as a decision making criterion
in theSOW; therefore, formal datapackages for the pHmeasurements were not required and/or
prepared.

1.4.6. VOC Analyses

VOC analyses were conducted on aliquot samples collected from the oxidation rateexperiments
listed in Tables 5, 6, and7. Anunfiltered portion («3 mL) of each sample aliquot was added to a
vial (12 mL, Teflon septum, glass) containing a known volume (« 3 mL) of hexane. It is
important to note that, to minimize volatilization of VOCs, thisportionof the sample aliquot was
immediately added to a hexane-filled vialbefore any other analyses (pH and Mn04") were
conducted. The glass vial was then weighed again to determine the massof the aliquot added. It
was assumed that the mass of solids present in this portion of the sample aliquotwas negligible.
Therefore the mass of sample addedwasequivalent to the volume of the aqueous sample
(assumed spg=1.0). The assumption that the mass of particulates in the unfiltered aliquots was
negligible was evaluated by determining the mass of solids retained on a 0.45 urn membrane
afterfiltering supernatant from reactors that contained the same media usedin this experiment.
For a 10mL sample of a groundwater slurry (4:1 L/S ratio), 0.017 g of crushed basalt, 0.00001 g
of aggregate basalt, and 0.007 g of sediment were retained. Since the mass of solids retained was
significantly less than the masses present in the slurries, it was assumed that this assumption was
valid. The unfiltered samples were extracted for 2 hrsbefore the hexaneextractwas analyzed
via gas chromatography.

All of the VOC analyses wereconducted using a gas chromatograph (GC) equipped with an
electron capture detector (ECD). All sample injections were performed using an autosampler (1
uL direct injection). Over 90% of the samples were analyzedusing a Hewlett Packard (HP)
5890 Series II GC that was configured and optimized to resolve TCE as the target analyte. In
fact, all VOC analyses wereconducted on this instrument except those fromexperiments 4b-R5
and 4b-R6 in Table 6 (the co-contaminants experiments). For these optimizedTCE analyses, a
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HP-5 capillary column (50 m length x 0.32 mm ID x 0.52 |im film thickness) was used. The
oven temperature was held at 50°C for 2 minutes and was then ramped at 10°C/minuntil the
maximum over temperature of 105°C was reached and then held for 2 additional minutes.
Helium was the carrier gas for this setup, with a column flowrate of 2.2 mL/minute. The
detector temperature was 275°C. The GC software also producedelectronic files (Microsoft
Excel format) of the chromatographic ran results.

The samples from experiments 4b-R5 and 4b-R6 were analyzed using a second HP 5890 GC
optimized to resolve both TCE and the co-contaminants used in experiments 4b-R5 and 4b-R6.
For these analyses, a J&W Scientific DB-624 capillary column (30 m length x 0.53 mm ID x 3
(im film thickness) was used. Samples were introduced via 1 uJL direct injections (autosampler).
The oven temperature was held at 50°C for 0.3 minutes and was then ramped at 5°C/min until
the maximum over temperature of 100°Cwas reached. The temperature was then immediately
ramped at 50°C until a final temperature of 150°C was attained. The total run time was 11.3
minutes. Nitrogen was the carrier gas for this setup, with a column flowrate of 4.2 mL/minute.
The injector temperature was 70°C, and the detector temperature was 300°C. The GC software
also producedelectronic files (MicrosoftExcel format) of the chromatographic run results.

Information regarding the QA/QCattributesof the GC data are outlined in the SOW (Appendix
A) for the oxidation rate experiments. In general, however, each sample analyzed was assigned a
unique ORNL GC samplenumber for trackingpurposes. Sample concentrations were
determined using a 5 point calibration curve prepared following guidelines in EPA Method
8000B (USEPA, 1997). A calibration check standard (typically 100 ng/L) was analyzed at the
beginning and end of each GC sequence. A sample blank was analyzed at the beginning and end
of a GC sequence and after every 10 or 11 samples. Sampleswere re-analyzed with a different
dilution factor if either (1) the concentration of the extract exceeded that of the largest calibration
standard or (2) the concentration of a diluted extract was less than that of the lowest calibration
standard. Any sample values that deviated from this approach or samples where the target
analyte was not detected are clearly flagged and indicated in the results presented in Section 2.4.
Finally, example calculations that illustrate how the GC values obtained for the hexane extracts
were converted back to aqueous phase concentrations are presented in Appendix C.

1.4.7. Baseline Sludge Characterization and Carbon Analyses

A description of the procedures used to characterize the untreated TSF-05 sludge (moisture, bulk
density, percent carbon, etc.) is included in Section 2.4.5 along with the results of the baseline
characterization work. The approach and results used to assess the effect of oxidation on the
TSF-05 sludge is also presented in Section 2.4.5.
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2. RESULTS AND DISCUSSION

2.1 TASK 1. PREPARATION OF PROJECT PLANNING DOCUMENTS

2.1.1. Laboratory Testplan

Preparation of the laboratory testplan, which ispresented inAppendix B, was initiated inJanuary
1998. The testplan contains the standard procedures for the experimental tasks (Tasks 2-4 in the
SOW) conducted during this treatability study. The first draft of the laboratory testplan was
submitted to TNEEL for concurrence. However, the testplan has undergone modifications
throughout the course of the treatability study, primarily as a resultof findings discovered in the
Task 2 development work that necessitated changes in the way the oxidant demand and oxidation
rateexperiments were to be conducted. The most current version of the testplan is presented in
Appendix B. It is against this versionof the testplan that any experimental deviations that
occurred will be discussed in the following sections.

2.1.2. Other Documents Required by ORNL

In additionthe laboratory testplan, several other documents had to be in place before ORNL
could begin the actual experimental work. The documentation that was obtained is listed below.

1. Documentation of PCB concentrations of TSF-05 sludge being less than TSCA action levels
(Electronic mail correspondence fromR.C. Starr-INEEL, dated: 2-12-98)

2. NEPA Project Review Summary, and CategoricalExclusion Assignment
(ORNL memo fromD.C. Parzyck-ORNL, dated: 1-28-98)

3. Project Environmental, Safety, Health, and Quality Evaluation
(Approved by B.M. Ross-ORNL, ESH&Q Evaluation No. 9801-15, dated: 1-6-98)

4. Notification to ORNL of intent to perform a U.S. EPA Treatability Study
(Submitted 12-17-98, Approved by J.H. Taylor-ORNL)

5. Determination that TAN Site Material is not subject to USDA quarantine regulations
(Electronic mail correspondence from A.S. Dixon-ORNL, dated: 12-12-98)
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2.2 TASK 2. PRELIMINARY LABORATORY STUDIES

2.2.1. Reactor Development

After several weeks of laboratory testing, equipment substitutions, and minor modifications, a
relatively simple but effective reaction vessel was selected for use in the oxidation treatment
experiments. A description of the selected test reactor and its QA/QC attributes are discussed
here.

The final reactor design, which is illustrated in Figure 2, consisted of a glass, 500 mL
Erlenmeyer flask equipped with a gas-tight adapter/closure. The flask has a ground glass, 29/42
standard taper opening. The adapter (Figure 3) is a non-stock item acquired from ACE Glass,
Inc. The matching 29/42 standard taper fitting of the adapter was fitted with a 0.076 mm thick
Teflon sleeve to provide a gas-tight connection. The adapter was also equipped with a gas-tight
Teflon stopcock that remained closed except during aliquot sampling. (Note that tests to assess
TCE sorption onto Teflon were not performed.) The stopcock opening is 2 mm in diameter.
Aliquot sampling was performed using a long 25 cm (10 inch) stainless steel syringe having a
1.83 mm OD (also pictured in Figure 2). Thus, only 0.51 mm2 ofthe sampling port opening was
open to the atmosphere during aliquot sampling, further minimizing VOC losses. During aliquot
sampling, the long syringe was attached to a 10 mL disposable, polyethylene syringe and
lowered through the vertical sampling port, through the stopcock opening, and into the reactor.
The upper 8 mm OD sampling port is closed off using a rubber septum after sampling is
complete. (Attempts were originally made to inject the needle through this septum, but the thick
wall of the syringecored out the septum.) The aliquot sampling step of procedure easily takes
less than 10 seconds to complete.

The second (horizontal) sampling port was equippedwith a charcoal desorption tube (Supelco,
ORBO brand). Such desorption tubes (See Figure 4) are typicallyused in industrial hygiene air
sampling operations; however, it was used here to help quantify the amount of VOC that might
be escaping from the Teflon stopcock. The desorption tubes contain two (2) separate charcoal
beds. The first bed (positioned closest to the sampling port) contains 100 mg of charcoal, and
the second bed contains 50 mg of charcoal. After the last aliquot sample is collected from the
reactor, eachcharcoal bed is extracted into a known volume of hexane. As with the aqueous
samples collect during the experiment, the mass of charcoal transferred into hexane is
determined gravimetrically. These samples are then analyzedfor VOCs similar to the aqueous
aliquot samples.

During the overnight contaminant equilibration periods, a solid glass 29/42 stopper was used in
placeof the sampling port adapter discussed above. This preventedthe potential contamination
of thecharcoal desorption tubes prior to the startof the oxidation reactions. The solid stoppers
were replaced by the adapters (1) after the T=0 samples were collected for the GW control
reactors or (2) immediately after oxidant was added to the treatment reactors.
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Figure 2. Photographof the Reaction Vessel used in the Oxidation Experiments.
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This final reactorconfiguration was experimentally evaluated by filling the flask with 500 mLof
distilled water. This volume of water was spiked with TCE (target 100 |ig/L TCE) and allowed
to equilibrate at 12°C for 22hours with the glass stopper inplace. At time T=0, the solid stopper
was replaced with the adapter and two initial aliquot samples were collected and processed for
TCE analysis as discussed in Section 1.4.6. Similarly, duplicate aliquot samples were also
collected at 1,2, 4, 21, and 24 hrs after the initial sampling. Theprocedure for this final
performance verification is included in the laboratory testplan as experiment 2a-3-B.

The resulting aqueous TCE concentration did not change with time. The average TCE value of
all 12aliquots collected was 106 \xgfL with a standard deviation of 3 ng/L. NoTCE was
detected ineither bed of the carbon desorption tube. ATCE mass balance was then performed.
The cumulative quantity of TCE present in the aliquotswas calculated, and the massof TCE
remaining in the flask was computed by multiplying the final aliquot TCE concentration by the
volume of solution remaining in the flask. When compared to the TCEpresent at the initial
sampling, 98.7 %of theTCE was accounted for. (The TCE mass potentially present in the
headspace was not computed, but was expected to be small since no TCE was detected in the
desorption tubes.) Thus, this reactor configuration wasconsidered appropriate, particularly when
considering that a given reactorwill not be sampled in duplicate at every time interval as was
done here.

The duplicate sampling at every interval was conducted to determine if plastic disposable
syringes would adsorb a significant amount of TCE. Thus, at each time period, onesample was
collected using a glass syringe, and the second sample was collected using a plastic syringe.
Halfof thesix(6) sampling periods yielded higher aqueous TCE concentrations for samples
collected using glass syringes (maximum 5.3% greater). Conversely, the other 3 sampling
periods resulted in higher aqueous TCEconcentrations for the samples from the plastic syringe
(maximum 4% greater). The average difference between values obtainedfor the glass and
plastic syringes was only 0.1%. Thus, it was concluded that the useof plastic disposable
syringes didnot biasthe results, andtherefore plastic syringes wereused in the remaining
experiments.

25



2.2.2. Hexane Extraction Time Determinations

ORNLExp. 2b-1

All dissolved plume mediawere investigated in this experiment with the exception of aggregate
basalt. Results of the hexane extraction experiments are presented in Figures 5, 6, and 7 for the
TAN-40 GW only, crushed basalt and TAN-40 GW, and sediment and TAN-40 GW,
respectively. The (#1) and (#2) notations includedin the figure legends refer to the duplicate
reactors evaluated for that test condition.

Per the testplan for experiment 2b-1, aliquots of both the aqueous and hexane phases were
collected at each time period. Greater than 99.9% of the total TCE recovered at the 2 hr
samplingpoint was found in the hexane phase. In addition, there was not a significant increase
in the TCE concentration of the hexane phase between 2 hrs and 24 hrs for any of these
materials. Thus, a 2 hr hexaneextraction time was selected for use in the subsequent oxidation
rate experiments.

TCE mass balances were also performed for each test condition. Average TCE recoveries of
91%, 95%, and 94% were obtained for the sediment and GW, crushed basalt and GW, and GW
only reactors, respectively. The TCE mass unaccountedfor is not expected to exist as residual
contamination on the sediment or crashed basalt since the recoveries obtained for the

groundwater only case were comparable to those obtained for the GW and solids reactors. These
mass balance computations are strongly influenced by the value used for the initial TCE
concentration of the spikedgroundwater. Here, the duplicateanalyses of the initial spike
solution were in close agreement (average= 722 \ig/L, a= 3 ng/L). The potential for VOC
losses, however, certainlyexisted between the time these initial samples were collected and the
time the vials were equilibrated (overnight) and finally transferred to the extraction bottles for
the start of the actual hexane extraction test. There was certainly some TCE lost as a result of the
transfer step from the 40 mL VOA vial to the 125 mL extraction bottle. Laboratory gravimetric
data indicated that an average of 98.5% of the initialGW or GW/soil slurry was successfully
transferred to the extraction jar. (The procedure used for final extraction of the reactors in the
oxidation rate studies was modified as a direct result of this finding.)

While factoredout of the TCE mass recovery computations, a proceduralproblem did affect
someof the data collected from this experiment. As written in the testplan, two samples were
collected from the aqueous phase of the extraction at eachtime point. One of these aqueous
samples was filtered (0.45 \xm) in an attempt to determine the "true" aqueous concentration.
Unfortunately, subsequent lab experiments provided evidence that the filters absorbed TCE,
thereby making the dataTCEobtained for these samples invalid. For the purpose of the mass
balance, the volume of the filtered sample was used in the computations, but the TCE
concentration of the filtered sample was assumed to be the same as the value obtained for the
unfiltered aqueous sample. As direct result of this finding, the testplan was modified and
aqueous samples for VOC analyses were not filtered during the oxidationrate experiments.
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ORNL Exp. 2b-2

This experiment was intended to investigate the optimum time needed to extract TCE from
aggregate basalt. This experiment could not properly be performed until the results from the
aggregate basalt equilibration study (ORNL Exps. 2c-1 and 2c-2) were obtained. Given
difficulties encountered in performing theequilibration study and the resulting schedule slip, this
experiment was not performed. Instead, it was assumed that a 2 hr extraction time would be
appropriate for the aggregate basalt too. This deviation fromthe SOW was not expected to have
a significant impact on the overall information gainedfrom this treatability study. In fact, the
majority of the hexane extractions performed during the oxidation experiments involving
aggregate basaltwere essentially groundwater extractions. The large, heavieraggregate basalt
would not be present in the aqueous aliquots collected during the course of an experiment.
However, the only exception is the extraction of the entire treatment reactor at the end of each
experiment. Lower residual TCE values may be obtained if 2hrsof extraction is not adequate for
nearly complete extraction into the hexane.
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ORNL Exp. 2b-3

The hexane extraction time needed for thehot spot media was determined inthis experiment.
Results of the hot spot hexane extraction experiments arepresented in Figures 8 and 9 for the
TSF-05 GWonly, and TSF-05 GWand sludge cases, respectively. The (#1) and (#2) notations
included in the figure legends refer to the duplicate reactors evaluated for that test condition.

As observed for the dissolved plume media, hexane quickly extracted TCE from the aqueous and
slurry phases. It should be noted that the concentrations of the hexane phases associated with the
extractions of theTSF-05 GW only containers (Figure 8) were expected to begreater than those
from the GW and Sludge extractions (Figure 9). This is because all the samples (GW andGW &
Sludge) were extracted with approximately thesame volume of hexane, buttheGW only vials
contained a larger volume of spiked GW(and therefore more TCE) than did the slurry
containers.

The ultimate hexaneconcentration to be achieved for each type of extraction could not be
explicitly determined. It is believed the value obtained for the initial spike solution was less than
the true starting concentration. The first attempt to analyze the spike solution resulted in GC
values that exceeded the maximum standard for the calibration curve. The second analysis of the
TCE-spiked groundwater resulted in an initial TCE concentration of 77,400 ug/L(c= 2,300
(ig/L). However, this second analysis could not be performed until more than a week after the
experiment hadbeen completed. Thus, it is suspected thatvolatilization during storage caused
the measured concentration to be less than the true initial concentration. As a result, all of the
hexane TCE concentrations obtained at 2hrs and beyond exceeded that which theoretically could
be present. TheTSF-05 GWcontrols (Figure 8) appeared to reach a steady hexane TCE
concentration. Thus, it was assumed thatTCE was completely extracted from the groundwater.
The average percentage of "initial" TCE mass extracted from the TSF-05 GW controls was
computed to be 152%. (The >100% recovery is a result of the true concentration being greater
than the measured initial concentration as discussed above.)

There is more variability in both the hexane and aqueous phaseTCE concentrations for the TSF-
05 slurries (Figure 9). Assuming 152% as the maximum amount of TCE to be extracted, 116%
and 154% of the initial TCE was present in the hexane phase at T=2hrs. After 24 hrs, 155% and
176% of the initial TCE was present in thehexane phase. It is unknown why theTCE mass in
the hexane phase of the duplicate (#2) increased beyond anticipated theexpected quantity. There
isthe possibility that (1) "residual" TCE was present on the sludge used even after oven drying
or (2) the hexane began to evaporate during the 20+ hrs of extraction, which in effect
concentrated the TCE. The latter theory is supported by the fact that the vapor pressure of
hexane (120 mm vs @20°C) is greater than that ofTCE (60 mm @20°C) (Verschueren 1983).
Asobserved inFigure 9, the aqueous TCEconcentrations appeared to increase at 24 hrs. This
phenomenon seems unlikely, unless re-adsorption ofTCE were occurring. It is likely that at
least some ofthese apparent increases in TCE concentrations (both hexane and aqueous phases)
are a result ofthe analytical sample holding time. All samples were collected atthe appropriate
time period, but none were analyzed until after the 24 hr samples were collected. Hence, it is
probable that all of the TCE concentrations reported (with theexception of the T=24 hrs
samples) are underestimates of the actual TCE concentrations present at that time period.
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Given the anomalies observed during this experiment, it was truly unknown which factor(s)
affected the data most significantly (i.e., extraction time or sample holding time). Thus, a 2hr
extraction time waschosen for the TSF-05 sludge Task 4 experiments. The use of a 2hr
extraction was alsobeneficial in the conduct of theexperiments and general laboratory
operations. A matrix spike study not originally planned was also conducted after all the SOW
Tasks 3 and 4 work was completed. This spike study (See Section 2.4.6) was conducted to help
determine if the results observed here for the TSF-05 sludge were "real".
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2.2.3. Aggregate Basalt Equilibration Time

As discussed in Section 1.4.1.3, the experimental results obtained for task 2c were inconclusive
in terms ofdetermining the appropriate spiking/equilibration time needed for the aggregate basalt
medium. This experiment involved measuring the TCE concentration ofthe aqueous portion of
a test sample after various equilibration periods. Individual vials, containing no headspace, were
sacrificially subsampled at each sampling period as a means to minimize losses associated with
volatilization. Aqueous TCE concentrations decreased during the 21 day test period. The
average TCE decreases were 30%, 32%, and 29% for thegroundwater control, crashed basalt,
and aggregate basalt samples, respectively. With the highest TCE losses from the groundwater
control samples, the observed TCE decreases could not explicitly be attributed to sorption or
uptake by the TAN basalt media. Furtherinvestigation of these results lead to the conclusion
that the procedure used for this experiment (2c-1) was not valid. The 0.45 urn membrane filters
that were used prior to extraction with hexane at least contributed to the TCE losses observed. In
an independent experiment, these filters were found to absorb approximately 10-20% of a 1,000
ug/LTCE solution (SeeAppendix E, March Monthly Report).

Upon realizing theseprocedural shortcomings, the testplan was modified, and a second
equilibration experiment (Exp. 2c-2 inAppendix B) was conducted. In this experiment, the
samples were not filtered before TCE analyses. The aqueous samples were also analyzed via
purge and trap analyses rather than via a hexane extraction, for the additional transfer sample
handling step required in transferring theaqueous aliquot into hexane was likely another source
ofTCE loss. The results of the second experiment, however, were similar to the first experiment
in that the losses observed in the basalt samples correlated well with the TCE losses observed in
the groundwater control samples. It is believed that a majority the TCE loss is associated with
septa leakage during such long sample holding times (i.e., » 7 day sample holding time
criterion established by EPA for VOC analyses).

Since a specific equilibration time could not be determined, the aggregate basalt was equilibrated
with TCE forthe same amount of time as the other TAN Site media (i.e., overnight) in the Task
4 experiments. Furthermore, the fact that an equilibration time could not be determined for the
aggregate basaltwas not expected to impact the task 4 results since all experiments in Task 4
were performed in agitated, temperature controlled incubators. However, one should consider
this effect when attempting to design and implement ISCO in the field, where pore water
conditions will be much different.

Beyond the discussion that is presented above, theexperimental data fortheequilibration studies
are not plottedor includedelsewhere in this report (e.g, Appendix C) in order to avoidconfusion
and mis-interpretation of the data.

33



2.3 TASK 3. MEASUREMENT OF THE OXIDANT DEMAND OF TAN
SUBSURFACE MATERIALS

2.3.1. Laboratory Controls and QA

Since the oxidant demand experiments did not involve the use of TCE or other volatile
compounds, gas-tight conditions did not have to be maintained for these experiments. In
addition to the QA/QCtechniques alreadydiscussed for pH and Mn04" analyses (calibrations,
filtering, etc.), all pipette and analytical balances used in these experiments were calibrated each
day'of use. The testplan procedure for these experiments involved the extensive use of
gravimetric determinations to obtain accurate initial starting masses of KMn04 and TAN site
media being used in the following experiments. A distilled water "control" sample was carried
throughout each of the dissolved plume media experiments. Oxidant was added to this control to
provide a baseline for evaluating the TAN site materials.

2.3.2. Oxidant Demand in Dissolved Plume Media

The dissolved plume media oxidant demandexperiments were performed twice. The data values
obtained from the initialattempt were difficult to interpret, requiring a refinement/modification
of the test procedure. Problems were encountered in determining the true oxidant concentrations
in the test reactors. Oftenthe final, measured oxidant concentrationwas greater than the initial
concentration that was computed using the laboratory gravimetric data. To alleviate this
problem, a new calibration curve was prepared, and the use of stock Mn04" solutions was
implementedas the means to add oxidant to test reactors with low target Mn04" doses rather than
via addition of crystalline KMn04. (This procedural modification was also made to the
oxidation rate procedures.)

The Mn04" concentration data obtained from the aliquot sampling is presentedin Figure 10 for
the 0.01% (100 mg/L) Mn04" initial oxidant experiment. The duplicate test reactors for each test
conditionare represented in the legend by the (#1) and (#2) notations. (Thisgraphing scheme is
used for most plotsof the oxidant demand and oxidationrate data includedin this report). The
initialMn04~ value is a calculated value based on severalpieces of laboratory data. Detailed
explanations regarding suchcomputations are includedin Appendix C. The remaining data
points are measured values obtained from the Mn04" analyses. Residual oxidant was stillpresent
afterthe 24 hr reaction time, indicating that the initial oxidant demand of the dissolved plume
media is not extensive or rapid. As expected, the sediment and crushed basalt media consume
more oxidant than the aggregate basalt.

Similar results are presented in Figure 11 for the0.1% (1,000 mg/L) Mn04" initial oxidant
experiment. The Mn04" values for a given reactor aremore sporadic, and trends among the
various media types, while similar to those inFigure 10, are less distinct. One particular
anomaly is the marked drop in the Mn04" concentration of the distilled water and TAN-40 GW
samples at the end of the reaction period. No additional laboratory observations were recorded
that would explain this phenomenon.

Oxidant demand results of the 1% Mn04~ experiments are presented inFigure 12. As expected
there appears to be little oxidant consumption from anyof the dissolved plume media.
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Crystalline KMn04 was used in this experiment, while a concentrated Mn04- stock solution was
used in the previous experiments. Thus, the apparent oxidant demand early in the reaction
period (Figure 12) is likelyattributedto the inability of the solid KMn04 to dissolve rapidly
enough, even though the first aliquot sampling period in this experiment was increased to 1 hour
to allow more time for KMn04 to solublize. The initial oxidant mass added was determined

gravimetrically using an analytical balancewith a ±0.0001 gram resolution, hence there is a great
deal of confidence in the initial Mn04" concentrations. Preparation of the sample dilutions
needed for the Mn04" analyses is certainly an area in whichexperimental/human error could
have contributed to the variability of the oxidant values, particularly for the experiments
involvingthe higher initialMn04" concentrations. Dilutions, for example of 50 and 500 were
required for aliquot samples from the 0.1% and 1%experiments. However, the value added of
performing extremely accurate dilutions is not warranted when considering that the accuracy of
the spectrophotometer itself is only ±0.2 mg/L. Because the Mn04" data was not intended to be a
decision making criterion(see SOW, Appendix A), the standards prepared and used to calibrate
the spectrophotometer were not titratedor measured against a knownstandard. Finally, it is
unknown whythe oxidant demand of the distilled water control is so muchgreater than that of
the TAN Site materials in Figure 12. This effect was not observed in Figures 10 and 11 and is
thought to be a laboratory artifact rather than a real effect.

The data from these experiments were further evaluated to obtain oxidant demand or
consumption values for each discrete type of dissolveplume media. This value could be readily
obtained for the TAN-40 GW. However, further computations were needed to obtain such
consumption data for the solid phase media since the experiments were conducted using a GW
and solids slurry. Both the measured and "derived" consumption values are presented in Table 8
for the dissolvedplume media. To standardize the consumptiondata, the values in Table 8
represent the amount of Mn04" consumed per unit of TAN media or DI water after a 24 hour
reaction time. To be more precise, the data in Table 8 represent the difference in overall oxidant
mass at the two reaction points (T= 0 and 24 hrs), and does not depict any of the fluctuations
observed in Mn04"concentrations between these two sample points. The oxidant mass
consumed was determined by the difference in the beginning and ending aqueous Mn04"
concentrations and multiplying that value by the initial liquid volume that was present in the
reactor at T=0 hrs. This approach yields a conservative, maximum oxidant demand value (for
the given time period), for it does not account for any Mn04" mass removed by aliquot sampling.

Note that a more refined oxidant consumption value can be determined by computing the
cumulative mass of oxidant consumed during each sampling interval. This second approach,
however, will yield a lower total consumption values since the mass of Mn04" associated
with the aliquot samples must be accounted for since it is no longer available to be consumed
within the test reactors. The degree of error between the two techniques does not become
significant unless the bulk of the consumption occurs towardthe end of the test period. The
test data and the subsequent calculations discussed here are presented in Appendix C for each
oxidant demand experiment.

These oxidant consumption values were then divided by the total mass of TAN site media (GW
or GW & Solid) initially added to the each reactor. (The specific gravity of TAN-40 GW is
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assumed to be 1.0.) To derive the oxidant demandfor the basalt and sediment, the Mn04" mass
predicted to beassociated with the GW was subtracted from the total oxidant consumption value
for the slurry according to the equation presented in Table 8.

The resulting oxidant demand values obtained for the crashedbasalt, aggregate basalt, and
sediment at the0.01% and 0.1% loadings are in good agreement with each other. Thenegative
values obtained for aggregate basalt and sediment for the 1% Mn04" experiment are because the
measured Mn04" concentration of theTAN-40 GW at 24 hrs is less than that of the slurry
reactors (See Figure 12).
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Figure 10. Oxidant DemandResults for Dissolved Plume Media, Initial Mn04"= 0.01% (ORNL
Exp. 3a-Rlb, Conductedat 12°Cand 4:1 L/S ratio where applicable)
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Figure 12. Oxidant Demand Results for Dissolved Plume Media, Initial Mn04"= 1% (ORNL
Exp. 3a-R3b, Conducted at 12°C and 4:1 L/S ratio where applicable)
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Table 8. Calculated Oxidant Demand Values for the Dissolved Plume Media. a'b-

Initial Mn04" Concentration
0.01% 0.1% 1.0%

Test Media Initial

Loading
Consumed Initial

Loading
Consumed Initial

Loading
Consumed

Distilled Water 0.1 0.001 1.0 0.09 10.4. 0.97

TAN-40 GW 0.1 0.005 1.0 0.07 10.4 0.41

GW & Crashed Basalt 0.08 0.03 0.8 0.08 8.2 0.33

GW & Aggregate Basalt 0.08 0.01 0.8 0.07 8.2 0.27

GW & Sediment 0.08 0.04 0.8 0.11 8.2 0.19

Crashed Basaltc NA 0.11 NA 0.09 NA 0.05

Aggregate Basaltc NA 0.05 NA 0.04 NA -.233

Sedimentc NA 0.15 NA 0.18 NA -.835

a All values inunits of [mg Mn047g of TAN SiteMedia or DIWater]
K Consumption values represent a24 hr reaction time. Values presented for the GW slurries are

the averages of duplicate samples,
c. Derived bysubtracting theGW consumption component from thetotal oxidant consumption

of the slurry via the following equation:
Solid Phase Demand(mg/g)= [Total-(GW Demand x WtGw)]/(Wtsolid)

Where: Total= totalmass of Mn04" (mg) consumed by the slurry.
GW Demand= demand determined from experiments (mg/g) involving GWonly
Wtow = mass of GW in the slurry
Wtsoiid = mass of solid in the slurry

In summary, as indicated inTable 8, for both the .01% and 0.1% Mn04" experiments theoxidant
demand of the aggregate basalt is « 0.05 mg/g and approximately double that for the crushed
basalt («0.1 mg/g). Similarly, theoxidant demand of thesediment is approximately 0.2 mg/g for
both initial oxidant loadings. Due to the low oxidant demand of distilled water and the dissolved
plume media, the variation observed in the 1% datais likely due to (1) the very small differences
in concentration being measured being less than the precision of the analytical technique
employed and/or (2) common laboratory errors in the handling of and the gravimetric
determination of the initial KMn04 mass added to each reactor.

As mentioned previously, the oxidant demand experiments had to be repeated due to problems
associated with the Mn04" analyses. (The Mn04" results ofthe repeated experiments plotted in
Figures 10-12). In order to expedite completion of the repeated experiments, pH values were not
measured for the repeated experiments. However, the pH data from the initial experiments are
presented inFigures 13, 14, and 15. There was no indication why thepH results from the first
experiments would not be acceptable todetermining pH trends related to the different types of
dissolved plumed media.

The initial pH ofthe sediment slurries before oxidant addition are consistently less («0.5 pH
units) than that of the basalt orTAN-40 groundwater. Changes in pH, however, that result from
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oxidant addition and subsequent consumption appear to be small. Although small in magnitude,
the most evident pH changes were observed in the experiment involving 1% Mn04\ Oxidant
addition appears to initially increase the system pHfor thegroundwater andbasalt samples. In
contrast, the pH of the sediment material decreases further as a result of oxidant addition. Thus,
pH changes due to oxidant addition are at least in part affectedby the chemical characteristics of
the TAN site media. Additional discussion and presentation of pH data will be presented in the
Task 4 work.
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Figure 13. pH Results ObtainedDuring Consumption of DissolvedPlume Media, Initial Mn04"
= 0.01% (ORNL Exp. 3a-Rl, Conducted at 12°C and 4:1 L/S ratio where
applicable)
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Figure 14. pH Results Obtained During Consumption of Dissolved Plume Media, Initial Mn04
= 0.10% (ORNL Exp. 3a-R2, Conducted at 12°C and 4:1 L/S ratio where
applicable)
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Figure 15. pH Results Obtained During Consumption ofDissolved Plume Media, Initial Mn04"
= 1% (ORNL Exp. 3a-R3, Conducted at 12°C and 4:1 L/S ratio where applicable)
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2.3.3. Oxidant Demand in Hot Spot Media

The oxidant demand of the hot spot media was determined in a similar fashion as that of the
dissolved media with a few notable differences presented here. A distilled water control sample
was not used in these experiments; instead, two (2) TSF-05 GW samples were used. A stock
Mn04" solution was not used for the initial Mn04" addition into the 0.01% and 0.1% Mn04" test
reactors. An equivalent mass of solid KMn04 was added instead. As discussed in Section 1.4.2,
the first sampling time was set at 10 minutes in hopes of being able to more accurately quantify
the initial oxidant consumption rate. Unfortunately, as the plots reflect, the slow solubization
time of the crystalline KMn04 impeded those efforts. Some variability in the Mn04" measured
concentrations was also observed in these experiments but is not as readily apparent due to the
large scale needed for the vertical axes. Preparation of the sample dilutions needed for the
Mn04" analyses is certainly an area in which experimental/human error could have contributed to
some of this variability of the oxidant values

The Mn04"concentration data obtained from the aliquot sampling is presented in Figure 16 for
the 0.01% (100 mg/L) Mn04" initial oxidant concentration experiment. As in the dissolved
plume experiments, the initial Mn04" values presented in Figure 16 are calculated values based
on several pieces of laboratory data. Detailed explanations regarding such computations are
included in Appendix C. The remaining data points are measuredvalues obtained from the
Mn04" analyses. It is readily apparent that the TSF-05 sludge exerts a sufficiently high oxidant
demand to completely consume all added oxidant within the first 10 minutes of interaction. As
noted on Figure 16, the apparent consumption of Mn04" in the TSF-05 GW only reactors is
likely due to the lack of equilibration time. Nearly identical results were obtained for 0.1%
(1,000 mg/L) Mn04" initial oxidant concentration experiment and are presented in Figure 17.

Oxidant demand results of the 1% Mn04"experiments are presented in Figure 18. Here, the
initial loading appears to be great enough to allow the consumption reactions to be observed and
quantified. Averaging the Mn04"concentrations of the duplicate TSF-05 GW and sludge
slurries, results in a consumption rate of 250-900 mg Mn047hour between the 0.5 hr and 4 hr
sampling periods. The actual time at which the oxidant was consumed was not captured
temporally, thus a consumption rate cannot be computed for the period after T= 4 hours.

Oxidant demand results of the 3% Mn04" experiments are presented in Figure 19. For this
oxidant loading, the TSF-05 GW and sludge slurry did not completely consume the available
Mn04" within the 24 hr reaction time. Averaging the Mn04"concentrations of the duplicate TSF-
05 GW and sludge slurries results in a consumptionrate of 615-700mg Mn047hour between lhr
and 4 hr sampling periods. The rate of consumption then appears to slow to an average of 132
mg Mn047hr between 4 and 24 hrs. Because residual oxidant was still present in the slurry
samples at 24 hrs, these reactorswere allowed to continue reacting for an additional three days.
Residual Mn04" was still present after 95 total hours. The average consumption rate between 24
and 95 hrs declined to 34 mg Mn047hr.

The raw data for these experiments were further evaluated to obtain an oxidant demand or
consumption valuefor TSF-05 sludge itself. Both the measured and "derived"consumption
values are presented in Table 9 for the hot spot plume media. To standardize the consumption
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data, the values in Table 9represent the amount ofMn04" consumed per unit ofhot spot media
after a 24hour reaction time. The approach used to obtain the oxidant demand of theTSF-05 is
the sameas that used for the dissolved plume mediadiscussed above in Section2.3.2. Since the
0.01%, 0.1%, and 1% experiments resulted in complete oxidation consumption within 24 hrs,
only the value obtained for the 3% initial oxidant concentration experiment is meaningful. The
oxidant demand ofthe TSF-05 sludge is about 70 mg Mn047mg sludge. Asemi-log plot ofthe
consumption data was also prepared to ascertain whether the consumption rate was first order
with respect to the Mn04" concentration; however, a linear trend was not observed throughout
the reaction interval.
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Table 9. Calculated Oxidant Demand Values for the Hot Spot Media. ^

Initial Mn04" Concentration
0.01% 0.1% 1% 3%

Test

Media

Initial

Loading
Consumed Initial

Loading
Consumed Initial

Loading
Consumed Initial

Loading
Consumed

TSF-05

GW

Only

0.1 0.002 1.0 0.02 10.2 -0.08 30.5 0.10

TSF-05

GW&

Sludge

0.08 0.08 d 0.8 0.8 d 8.1 7.9 d 24.1 14.7

TSF-05

Sludge c
NA 0.36d NA 3.5d NA 38.2 d NA 69.5

All values in units of [mg Mn047g of TAN Site Media]
b Consumption values represent a 24 hr reaction time. Values presented for the GW slurries are

the averages of duplicate samples.
Derived by subtracting the GW consumption component from the total oxidantconsumption
of the slurry via the following equation:
Solid Phase Demand (mg/g)= [Total-(GW Demand x WtGW)]/(Wtsolid)

Where: Total= total mass of Mn04" (mg) consumed by the slurry.
GW Demand= demanddetermined from experiments (mg/g) involvingGW only
WtGW = mass of GW in the slurry
Wtsoljd = mass of solid in the slurry

d. All of available oxidant was consumed before the oxidant demand was satisfied.

The pH values were also tracked during the hot spot oxidant demand studies. The results are
presented in Figures 20-23 for the 0.01%, 0.1%, 1% and 3% Mn04" experiments. A few
observations can be made from these figures: The pH of the TSF-05 GW (at 12°C) was around 8
for all four (4) of the oxidant loadings investigated. (Some variation in the initial TSF-05 GW
chemistry, e.g. pH values, was expected since the containers of TSF-05 GW received from
LNEEL were not combined/mixed prior to experimentation). The pH's of the slurries, on the
other hand, were lower at an averageof 7.6 after an overnightequilibrationperiod with the TSF-
05 GW at 12°C. (Note: the pH values plotted at T=0 were measured immediately prior to
oxidant addition.) Upon oxidant addition, the pH values of the TSF-05 GW only reactors
increased from «7.9 to 8.3 for both the 0.01% and0.1% Mn04" treatments. Similarly, reactor
pH's increased to «8.6 and«9 for the 1% and 3% Mn04" treatments. These pH increases in the
GWreactors is likelydue to the change in the ionic strength of the reactors following oxidant
addition. The pH's of the slurry reactors, on the other hand, all decreased with addition of the
oxidant. This was expected as a result of oxidation of organic matter(See equation 2). For the
0.1% and 0.1% Mn04" reactors (Figures 20 and 21), the pH dropped to «0.5 pH units at the
beginning of the reaction period. This decrease occurs immediately andpersists until all of the
Mn04" isconsumed. The reactor pH values remained steady for the restof the reaction period.
ThepH values of the 1% and3% Mn04" reactors also initially decrease by approximately the
same magnitude. For these two oxidant loadings, however, the reactor pH increased after this
initial oxidation reaction occurred. In fact, the final pH values for these latterslurry reactors
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rebounded to at least the starting (T=0 hrs) values. Note from Figures 22 and 23 that a residual
oxidant concentration existed beyond the 4 hr sampling period. As observed for TSF-05 GW
only reactors, this excess Mn04" was likely the cause of the pH increases after sludge
consumption slowed and/or ceased. The preceding discussion suggests that the overall (net) pH
change experienced in a TSF-05 slurry reactor are a combination of pH increases due to the ionic
strengthof the oxidant andpH decreases as a result of H+ generation during oxidation. Thus, the
final pH of such a slurry system is dependent upon the relative amounts of oxidant and oxidizible
material present.

47



9.0

8.5

8.0

*• 7.5

7.0

6.5

6.0

Figure

9.0

8.5

8.0

8
O- 7.5

7.0

6.5

6.0

: -O- TSF-05 GW Only (#1) -•-TSF-05 GW Only (#2)

-O- Sludge &GW (#1) -♦- Sludge &GW (#2)

—

_ -*

>-^-^» a
W

- ^°^~o 0

- 0.01 % Mn04- Loading
1 ' 1 1 1 1 1 1 1 i . . 1 1 1 1 1 1 1 1 1 •

10 15

Reaction Time (hrs)
20 25

20. pH Results Obtained During Consumption ofHot Spot Media, Initial Mn04"= 0.01 %
(ORNL Exp. 3b-Rl, Conducted at 12°C and 4:1 L/S ratio where applicable)

n> • =#=

-TSF-05 GW Only (#1)

-Sludge &GW(#1)

-TSF-05 GW Only (#2)

•Sludge &GW (#2)

-^fc#=$=

0.1% Mn04- Loading

10 15

Reaction Time (hrs)
20 25
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2.3.4 Summary - Oxidant Demand of TAN Subsurface Materials

This set of experiments measured the oxidant demandexerted by materials from the subsurface
beneathTAN, including both natural geologic materials (groundwater, basalt, and fracture-fill
material) andanthropogenic organic sludge. The Mn04" concentrations investigated range from
0.01% to 3%, which is the same range investigated in the oxidation rate experiments described in
Section 2.4

The experimental identification for this series of experiments is presented in Table 10.

Table 10. Experimental Identification for the 'Oxidant Demand' (Task 3) Studies.
Mn04-

Concentration (%)
Dissolve Plume

Media Experiments
Hot Spot Media

Experiments

0.01 3aRlb 3b-Rl

0.1 3aR2b 3b-R2

1 3aR3b 3b-R3

3 Not Evaluated 3b-R4

Representative values of theoxidant demand of subsurface materials from TAN, including media
from boththe dissolved plume andthehot spot, are given in Table 11. For comparison, the
oxidant demand determined in a previous study (Istok, personal communication) of surficial
basalt from Hell's Half Acre was approximately 1 mg Mn047g basalt. The oxidant demand
determined in this studyfor geologic materials (i.e. not organic sludge) are at leaston halforder
of magnitude less than that value, while the oxidant demand of organic sludge is approximately
two orders of magnitude larger.

Table 11. Representative Oxidant Demand for TAN Subsurface Media.

TAN Site Medium Oxidant Demand

(mg Mn04" /g Medium)

TAN-40 GW 0.01

TSF-05 GW 0.02

Crushed Basalt 0.05

Aggregate Basalt 0.1

Sediment 0.2

TSF-05 Sludge 70
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2.4 TASK 4. MEASUREMENT OF OXIDATION RATES OF TAN SUBSURFACE
MATERIALS

2.4.1. Laboratory Controls and QA

During the oxidation ratestudies, between 800-900 aliquot samples were collected and analyzed
for VOCs (primarily TCE), pH, andMn04\ Over 550additional QA/QC samples directly
related to QA/QC were also analyzed for VOCs (160 duplicate aliquot samples, «300 desorption
tube extractions, and «100 "final reactor" extractions.)

During each experiment presented in Section 2.4, duplicate aliquot samples were collectedfrom
one of the test reactors at each sampling period. A comparison (% difference basis) was made
between the twoTCEvalues obtained for a given time point. In all, 160 duplicate aliquot
samples were collected. A histogram of the percent difference between duplicate samples is
presented in Figure 24. The average % difference between duplicate samples was 3%. Greater
than 90% of the duplicates evaluated had a % difference of less than 20%. In addition, 67% of
the duplicates evaluated had a % difference of less than 1%. When the % difference values of
duplicate samples are compared to the average aqueous TCEconcentration of the duplicates
(Figure 25) the degree of variabilitybetween duplicates appears the greatest at the lower TCE
concentrations. This is expected. In fact, most of the larger %difference values observed in this
entire treatability here were associated with samples where at least oneof the duplicates yielded
TCE concentrations less than the minimum detection limit.

TCE massbalances were performedat the end of each oxidation experiment discussed in this
section. Since good agreementexists between duplicate samples, the mass balances were
computed assuming that the concentrations of any duplicate samples were the same. More
specifically, the TCE concentration was assumedto be the same as the first (sample "a") of the
two duplicate samples collected. Finally, to better facilitate the discussion of the individual
experiments, the results of the remaining QA/QC samples for (collected primarily for the mass
balance calculations) are presented and discussed in concert with the actual test data.

51



u
u

o

©

g

I

ou

I

40 - Mean %Difference: 3%

Standard Deviation: 23%

Sample Population: 160^n 4

E

:

9n -ZU

in

;

o - 1 1 1 r—h- -i-r 1,11 ,1 (l llll ^llllll II M"'H"i' 'i • '\<—i •. • i—f—-r-4

-100 -80 -60 -40 -20 0 20 40 60 80 100

% Difference of Duplicates

Figure 24. Histogram Illustrating Results of QA/QC Duplicate Sampling.

v
•M

03
u

1
Q
s
<u

Ji
u
c

8

Q

100%

80%

60%

40%

20%

0%

-20%

-40%

-60%

-80%

•100%

,t

4l

it

-, j: — - ___

ih-

^rr-
-;: '*ft'i .»• i ' ' i ' ' i» »* i ' ' i «*' i ' ' i*4 • i ' •
j: •! ; •
-i—%

-; « • •—• _

j r

0 300 600 900 1,200 1,500 1,800 2,100 2,400 2,700 3,000

Average Aqueous TCE Concentration of Duplicate Samples (ppb)

Figure 25. %Difference of QA/QC Duplicates vs. the Average DupUcate Concentration.

52



2.4.2. Oxidation Rate of Organic Contaminants in Dissolved Plume Media

Eight (8) separate oxidation rate experiments were performed using the dissolved plume media.
Each experimental discussion is identified inthis section by the ORNL Exp. LD that is presented
in Table 5. In general, plots of'TCE vs. Time", "Mn04" vs. Time", and "pH vs. Time" are
presented for each experiment. For all plots ofTCE vs. Reaction time: values resulting from
analyses in which the sample extract concentration was outofthe calibration range are clearly
labeled.

Inaddition to the plots, summary tables for the TCE and Mn04" data are also presented for each
experiment. Several parameters are included in theTCE mass balance tables (e.g., Table 12).
The approach and/or calculations made to obtain eachof the values presented in the mass
balance tables are presented below.

As will be observed in the following experimental discussions, most of the actual TCE spike
concentrations for this series of experiments were approximately doubled that of the target TCE
spike concentrations presented in Table 5.

TCE MASS BALANCE TABLE DESCRIPTION

• Column 1, 'Test Conditions" refers the experimental condition. In this column "Control"
refers to reactors containing only TAN GW and no oxidant. The (#1) and (#2) notations
included in parentheses refer to the duplicate reactors evaluated. The number followed by
the percentage sign is the nominal initial Mn04" concentration added to the treatment
reactors.

• Column 2, 'Total Initial Mass" refers to the TCE mass added to each reactor. For the GW
control reactors and treatment reactors containing TAN-40 GWonly(Exps. 4a-Rl & 4a-R2)
this value is determined by the following equation: (Aqueous TCE Cone, at T=0) x (GW
Volume in the Non-Slurry Reactor) Note: T=0 sampling occurred after overnight
equilibration and immediately before oxidant addition to the treatment reactors. For reactors
containing both TAN-40 GW and a solid phase media, the initial total TCE mass is computed
by the following equation: (Average Aqueous TCE Cone, at T=0 of the 2 GW Controls) x
(GW volume in the SlurryReactor). It is computed in this way, as opposed to using the
measured aqueous concentration in the slurry reactor at T=0, in the event that some TCE is
sorbed to the solid phase at T=0.

• Column 3, "Initial Aqueous Mass". For allcases, this value is computed by multiplying the
Aqueous TCE Cone, at T=0 for a given reactor by the volume of GW added to that reactor.
Note: The aqueous concentration at T=0 for each reactor is used here rather than the
concentration of the spiked GW before it is distributed to the individual reactors and
equilibrated. (This approach effectively accounts for the any TCE lost during equilibration
from the mass balance calculations performed for the actualoxidation reactions.) For the
reactors containingboth TAN-40 GW and a solid phase medium, another value is also
presented in Column 3 of the mass balance tables. This "% Sorbed" value represents the
fraction of TCE at T=0 partitioned to the solidphase. It is computed for eachGW/solid
phase slurry via the following equation:
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%Sorbed=100 x [l-(Initial Aqueous Mass/Total Initial Mass)] or 100 x [l-(Col. 3/Col. 2)]

• Column 4, "Mass Sorbed on Orbo Tubes" represents the summed TCE mass found on each
charcoal bed of the reactor's desorption tube at the end of the reaction period (T=24 hrs).
The TCE mass was obtained by extraction of charcoal beds with hexane. If TCE is detected
on the desorption tubes, it is realized that the value obtained represents a minimum that was
volatilized since the entire reactor headspace volume would not pass through the desorption
tube. The values in percent (%) for this column represent the percentage of the Total Initial
Mass (column 1 of the Table) found within the Orbo Tube.

• Column 5, "Mass Remaining in Reactor" represents the TCE mass still present in each
reactor following the reaction period (T=24 hrs). For the Control reactors and test reactors
containing TAN-40 GW only (Exps. 4a-Rl and 4a-R2), this value was computed by the
following equation: (Aqueous TCE concentration at T=24 hrs) x (Init. GW volume -Cum.
Vol. of Aliquot Samples). For treatment reactors containing a slurry of GW and solid-phase
media, the remaining TCE mass in the reactor was obtained by extracting the entire contents
remaining in the reactor after T=24 hrs with hexane («1:1 v/v extraction). For both cases, the
values in % for this column represent the percentage of the Total Initial Mass (column 1 of
the Table) still present in the reactor.

• Column 6, "Cum. Mass Removed in Aliquots" represents the mass of TCE removed from the
reactor as a result of the aliquot sampling. In all cases, this column is computed by summing
the masses of TCE that were found in each aliquot interval for a given reactor, i.e.,
£(Aqueous TCE Cone, x Aliquot Volume). The values in parentheses for this column
represent the percentage of the Total Initial Mass (Column 1 of the Table) removed from the
reactor (and thereby not subjected to oxidation) during the course of the experiment.

• Column 7, "Cum. Aqueous Mass Oxidized" represents the TCE mass initially in the aqueous
phase that was considered to have been oxidized during the reaction period. The oxidized
TCE masses presented in this column were computed by summing the change in aqueous
TCE mass obtained for each sampling period, i.e., S[(Aq. TCE Cone. T=x - Aq. TCE
Conc.T=x+i) x GW Vol. t=x]- Thus, this approachcorrects for TCE removed via previous
aliquot samplings. Again, the % values in this column represent the percentage of the Total
Initial Mass (Column 1 of the Table) believed to have been oxidized. It is important to note
that this component of the mass balance does not take into account any TCE initially sorbed
to a solid phase media.

• Column 8, 'Total Mass Recovered" is the sum of the TCE masses found in four (4) different
"compartments" at the end of the reaction period (T=24 hrs), i.e., Col. 4+Col. 5 + Col. 6 +
Col. 7. The % values for this column represent the percentage of the Total Initial Mass
(Column 1 of the Table) that was accounted for during the course of the experiment.

For each TCE oxidation experiment presented in this section, a oxidant consumption summary
table is presented (e.g. Table 13). The approach and/or calculations made to obtain each of the
values presented in the oxidant consumptiontables are presentedbelow.
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Mn04" CONSUMPTION TABLE DESCRIPTION

• Column 1, 'Test Conditions" refers the experimental condition. The (#1) and(#2) notations
included inparentheses refer to the duplicate reactors evaluated. The number followed by
the percentage sign is the nominal initial Mn04" concentration added to the treatment reactors
(0.01%, 0.1%, 1%, or 3% Mn04").

• Column 2, "Initial Oxidant" represents the oxidant (Mn04") mass added to each reactor. For
the oxidant loadings of0.01% and 0.1% Mn04" this value was computed bymultiplying the
concentrationof the stockMn04" spiking solution used by the volumeof stock solution used.
Foroxidant loadings of 1% and 3% Mn04", this value was computed bymultiplying the mass
of crystalline KMn04 added to each reactor (gravimetrically determined) by the Mn04"
/KMn04 mole fraction (0.753).

• Column3, "Initial Loading". For allcases, this value is computed dividing the value
presented in Column 1bythe total mass of TAN site media (groundwater and solid phase)
added to eachslurry reactor. These masses were determined gravimetrically.

• Column 4, "Cum. Consumed" represents the Mn04" mass that was consumed at the end of
the reaction period. This value was obtained by difference between the initial Mn04"
concentration between the final aliquot Mn04" concentration. The exact equations usedto
compute the initial aqueous oxidant concentration varied basedup the oxidant spiking
method employed. (The exact equations used are presented in Appendix C, Calculations.)
The final aqueousMn04" concentrations of each aliquot were determined via
spectrophotometry. These values are also presented in Appendix C.

• Column 5, "Cum Consumed" represents the same value determined in Column 3 but is
expressed in units of consumption per gram of TAN site media. The mass of TAN site media
used (groundwater and solid phase mass) is the same as the value used in Column3.

Also note that variation in the initial TAN-40 GWchemistry, e.g. pH values, is expected since
each dissolved plume media experiment was conducted using a different batch of TAN-40 GW
that had been sparged for varying amounts of time. (The containers of TAN-40 GW received
from INEEL were not combined/mixed prior to experimentation).
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ORNL Exp. 4a-Rl
(TAN-40, No Solids, 100 TCE, 0 Other, 0.01% and 0.1% Mn04")

Only TAN-40 GW was evaluated in this experiment. The TCE, Mn04" and pH values with time
are presented in Figures 26, 27, and 28, respectively. Tables 12 and 13 provide additionalTCE
mass balance and oxidant consumption information. The (#1) and (#2) notations included in
both the figure legends and the first column of these tables refer to the duplicate reactors
evaluated for that test condition.

No significant deviations from the testplan procedures weremade in this experiment.

After equilibration, the initial aqueous TCEconcentration of the spike solution was 190 ng/L.
After transfer to the test reactors, the spiked groundwater TCE concentration ranged between 169
and 182 |xg/LTCE (T=0 aliquots) prior to the start of the oxidation reaction. Excellent TCE
massbalances were obtained from the control reactors. The lowestTCE recovery of 93% was
obtained forthe second control sample (see drop inTCE concentration for that reactor in Figure
26).

It is believed that the observed reductions in TCE concentrations for the treatment reactors were
primarily due to oxidation since (1) the recoveries of the GWcontrols were high and (2) TCE
was not detected in the extracts from the charcoal desorption tubes from either the control or the
treatment reactors. Complete TCE oxidation occurred within 3 hrs for the 0.01% Mn04"
treatments and within the first 0.5 hrs for the 0.1% Mn04" reactors. The three aqueous TCE data
points between T=0 andT=l .6 hrs were usedto compute the reaction rate for the initial, rapid
step of the oxidationreaction in the 0.01% reactors. The data were plotted as ln(C/C0) vs. Time
in Figures 29 and 30 for the first and second 0.01% reactors in order to approximate a first order
reaction rate constant, k. The linear regression resulted in an average first order rate constant of
k=\.78 hr" . While the fit of thedatato a first orderrateconstant may notbe optimal, attempts to
evaluate other rate models were not made since the mechanisms occurring in such a complex
system are not known. Enough data points were not available to compute a rate constant for the
0.1 % Mn04" reactors; however, the observed oxidation rate is greaterthan 0.2 mgTCE/hr.

While all of the TCE wasconsumed, little of the initial Mn04" added was consumed by the TCE
spiked TAN-40 GW mixture (Table 13). ThepH of the reactors was affected by both the
addition of theoxidant and the subsequent oxidation reaction that occurred. ThepHof the test
reactors loaded with the 0.01% Mn04" did not begin to effectively increase until after the TCE
had been oxidized. Forthe0.1% Mn04" oxidant loading, there was not an initial pH decrease,
although TCE was completely oxidized. Instead, the overall reactor pHs quickly increased. It is
likely that any pH reductions thatdid occur as a result of TCE oxidation were very small in
comparison to the pH effect imparted by addition of the 0.1% Mn04"oxidant solution.
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Table 12. TCE Mass Balance for ORNL Exp. 4a-Rl (TAN-40 GW Only).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining
in Reactor

(mg)

Cum. Mass

Removed in

Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total

Mass

Recovered

(mg)

Control (#1)
0.09 0.09 0.000

0%

0.08

90%

0.01

12%

NA

NA

0.1

102%

Control (#2)
0.09 0.09 0.000

0%

0.07

82%

0.01

11%

NA

NA

0.1

93%

0.01% (#1)
0.09 0.09 0.000

0%

0.00

0%

0.002

2%

0.09

98%

0.1

100%

0.01% (#2)
0.10 0.10 0.000

0%

0.00

0%

0.002

2%

0.09

98%

0.1

100%

0.1% (#1)
0.10 0.10 0.000

0%

0.00

0%

0.001

1%

0.10

100%

0.1

102%

0.1% (#2)
0.09 0.09 0.000

0%

0.00

0%

0.001

1%

0.09

100%

0.1

102%

Table 13. Mn04" Consumption Data for ORNL Exp. 4a-Rl (TAN-40 GW Only).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 59.7 0.11 10.39 0.02

0.01% (#2) 59.7 0.11 6.68 0.01

0.1% (#1) 596.8 1.09 0.78 0.00

0.1% (#2) 596.8 1.11 0.26 0.00

a Consumption is conriputed after 24 or reaction time.
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ORNL Exp. 4a-R2
(TAN-40, No Solids, 1000TCE, 0Other, 0.01% and 0.1% Mn04")

Only TAN-40 GW was evaluated in this experiment. The TCE, Mn04" and pH values with time
arepresented in Figures 31, 32, and 33, respectively. Tables 14and 15provide additional TCE
mass balance and oxidantconsumption information. The (#1) and (#2) notations included in
both the figure legends and the first column of these tables refer to the duplicate reactors
evaluated for that test condition.

Known Testplan Deviations:
The only significant deviation from the testplan procedure was the method used to prepare the
spiked groundwater. Here, the air-sparged GW was temperature equilibrated first, then it was
spiked via a saturated TCE solution for 2-3 hrs prior to distribution into the test reactors.
(Testplan procedures state that the air-sparged GWshould be spiked at room temperature and
then equilibrated overnight at 12°C).

Following temperature equilibration, theaverage initial aqueous TCE concentration of the spike
solution was 1440 (ig/L (a= 39 |J.g/L). After transfer to the test reactors, the spiked groundwater
TCE concentration ranged between 1414 and 1497|jg/L TCE (T=0 aliquots for the test reactors)
prior to the start of the oxidation reaction. TCE recoveries of 91% and 98% were obtained for
the control reactors. Fromthe aliquot TCE concentrations of the control samples, it appears that
the first control reactor was losing TCE via volatilization. Its TCEconcentration steadily
decreased from 1,430 |ig/L at T=0 hrs to 1,296 ng/L at T=24 hrs. The second control reactor, on
the other hand, started withan initialTCEconcentration of 1,351 |ig/L and an ending
concentration of 1,323 jjg/L (average of 6 aliquots= 1,360 ng/L).

It is believed that the observed reductions in TCE concentrations for the treatment reactors were
primarily due to oxidation since recoveries of the GW controls were high and TCE was not
observed in the extractsfromthe charcoal desorption tubes. The data suggeststhat complete
TCE oxidation occurred within 5 hrs for the second 0.01% Mn04" reactor and within the first 2
hrs for both of the 0.1% Mn04" reactors (Figure 31). The residual TCE present in the first 0.01%
Mn04" reactor («10 |ag/L)was not expected. Evidence of any analytical problems (e.g., solvent
blank contamination) does not exist to dispute the reported TCE concentrations.

The four aqueous TCE data points between T=0 and T=3.2 hrs were used to computethe
reaction rate for the initial, rapid step of the oxidation reaction in the 0.01% reactors. The data
were plotted as ln(C/C0) vs. Time in Figures 34 and 35 for the first and second 0.01% reactors in
order to approximate a first order reaction rate constant, k. The linear regression resulted in an
average first order rate constant of fc=1.51 hr"1. While the fit of thedatato a first order rate
constant may not be optimal, attempts to evaluate other rate models were not made since the
mechanisms occurring in such a complexsystemare not known. Enough data pointswere not
available to compute a rate constant for the 0.1% Mn04" reactors; however, the observed
oxidation rate is greater than 0.34 mg TCE/hr.

While all the TCE was consumed, little of the initial Mn04"added was consumed by the TCE
spiked TAN-40 GW mixture. While it is unknown why a residual TCE concentration existed in
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the first 0.01% reactor, there is a correlation between the slowed TCE oxidation rate and an
observed decrease inMn04" between 6 hrs and 24 hours. The oxidation reactions appear to have
produced an overall net decrease in the pH of the systems. ThepH decrease was more
pronounced inthe 0.01% Mn04" reactors. As discussed in Exp. 4a-Rl, the higher final pHs for
the0.1 %Mn04" reactors is likely due to the fact thatthe ionic strength of 0.1 %oxidant is
considerably greater than that of the 0.01% oxidant solution. All of these observed pH changes
however are small; in fact, the pH values for the control reactors (nooxidant added) also
decreased by approximately the same amount as the 0.01% Mn04" reactors.
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Figure 32. Mn04" vs. Time, TAN-40 GW Only, (ORNL Exp. 4a-R2, Initial TCE= 1000 ug/L,
Conducted at 12°C)
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Table 14. TCE MassBalancefor ORNLExp. 4a-R2 (TAN-40 GW Only).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1)
0.73 0.73 0.000

0%

0.58

79%

0.09

12%

NA

NA

0.7

91%

Control (#2)
0.68 0.68 0.000

0%

0.59

87%

0.08

11%

NA

NA

0.7

98%

0.01% (#1)
0.70 0.70 0.000

0%

0.00

0%

0.014

2%

0.68

97%

0.7

99%

0.01% (#2)
0.68 0.68 0.000

0%

0.00

0%

0.012

2%

0.67

98%

0.7

100%

0.1% (#1)
0.69 0.69 0.000

0%

0.00

0%

0.009

1%

0.70

101%

0.7

102%

0.1% (#2)
0.67 0.67 0.000

0%

0.00

0%

0.009

1%

0.68

101%

0.7

102%

Table 15. Mn04" Consumption Data for ORNL Exp. 4a-R2 (TAN-40 GW Only).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04)

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 58.0 0.11 17.72 0.04

0.01% (#2) 58.0 0.12 18.44 0.04

0.1% (#1) 580.4 1.11 7.80 0.01

0.1% (#2) 580.4 1.11 8.97 0.02

a Consumption is connputed after 24 lr reaction time.
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ORNL Exp. 4a-R3
(TAN-40, Crushed Basalt, 100TCE,0 Other, 0.01% and0.1% Mn04")

Slurries of TAN-40 GW and crushed basalt were evaluated in this experiment. The TCE, Mn04"
and pH values with time are presented in Figures 36, 37, and 38, respectively. Tables 16 and 17
provide additional TCE mass balance and oxidant consumption information. The (#1) and (#2)
notations included in both the figure legends and the first column of these tables refer to the
duplicate reactors evaluated for that test condition.

No deviations from theprocedures described in the testplan were made.
As explained at the beginning of this section, the total initial mass of TCE in a reactor that
contained both GWanda solidphase media was computed differently than for a reactor that
contained only GW. Here, the initial masses of TCE inthe reactors containing a slurry of
crushed basalt were computed by averaging the TCE concentration inthe aqueous controls (at
T=0hrs) and multiplying that bythe aqueous volume present in the slurry reactor. Therationale
forusing this approach is the fact that the TAN sitesolid phase media may adsorb or retain a
significant quantity of the initial TCE added. Because of the solid phase present in these reactors,
the 'Total Mass Recovered" column values in Table 16 are based on an assumed total initial
TCE mass, rather than the measured initial aqueous TCE mass. (This technique for determining
thetotal initial TCE mass wasperformed on allexperiments like this only involving a solid
phase medium.)

After overnight equilibration, the average initial aqueous TCE concentration of the spike solution
was 180 |ag/L(o= 8 |ig/L). After transferto the test reactors andequilibration with the crushed
basalt, the groundwater TCEconcentration ranged between 144and 164 jjg/LTCE (T=0
aliquots) prior to the start of the oxidation reaction. TCE recoveries of 94% and 97% were
obtained for the control reactors. No TCE was observed in the extracts from the charcoal
desorption tubes from either the control or the treatment reactors. Note that the total recoveries
presented in Table 16 for treatment reactors are all greater than 100% because of the mass
balance approach used for this experiment (see above). Since the resulting %Sorbed values
presented in Table 16are negative, it is believed that the crushed basalt media was not initially
adsorbing TCE. The %Sorbed values are negative because the initial aqueous concentration of
the slurries were greater than the average initial concentration of the groundwater controls.
(Refer to the beginning of Section of 2.4.2 for a more detaileddescription of how the %Sorbed
values are computed.) If the "% Sorbed" values were added to the 'Total Mass Recovered"
values in Table 16, it is evident that the true recovery for the treatment would be nearly 100%.

TCE oxidation was complete within 3 hrs for the 0.01% Mn04" reactors and within 0.5 hrs for
the 0.1% Mn04" reactors. This trend is similar to that observed in Exp. 4a-Rl involving TAN-40
GWonly spiked at 100 ug/L. The three aqueous TCEdatapoints between T=0 andT=1.6hrs
were used to compute the reaction rate for the initial, rapid step of the oxidation reactionof the
0.01% Mn04" reactors. The data were plottedas ln(C/C0) vs. Time in Figure39 for the first
0.01% reactor in order to approximate a first order reaction rate constant, k. The linear
regression resulted in a first order rate constant of£=2.32 hr'1. (Enough data points were not
available to obtain a rate constant for the second 0.01% Mn04" reactor.) While the fit of the data
to a first order rate constant may not be optimal, attempts to evaluate other rate models were not
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made since the mechanisms occurring insuch a complex system are not known. Enough data
points were not available to compute a rateconstant for the0.1% Mn04" reactors; however, the
observed oxidation rate is greaterthan0.14 mg TCE/hr.

More Mn04" was consumed (Table 17) here than in the TAN-40 GW only case (Table 13).
Hence, the additional Mn04" consumption observed here is likely attributed to
oxidation/destruction ofcrushed basalt. When compared to the pH values of the control reactors,
oxidant addition resulted in a small, net pH increases for both the0.01% and0.1% Mn04"
reactors. As expected, the magnitude of this pH increase was the greatest for the 0.1% Mn04"
reactors. Note: the increases in pH at the very end of the reaction period appear to result from a
change in instrument performance (i.e., new calibration, etc) since nearly all reactors behave
similarly.
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Figure 36. TCE vs. Time, TAN-40 GW & CrushedBasalt, (ORNLExp. 4a-R3, Initial TCE=
100 ng/L, Conducted at 12°C, 4:1 L/S Ratio)
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Figure 37. Mn04" vs. Time, TAN-40 GW & Crushed Basalt, (ORNL Exp. 4a-R3, Initial TCE=
100 ug/L, Conducted at 12°C, 4:1 L/S Ratio)

69



8.50

8.45

8.40

8.35

8.30

•-0-- GW Control (#1)

--O-- 0.01% Mn04-(#1)
•-••- 0.1%MnO4-(#l)

-GWControl (#2)

-0.01%MnO4-(#2)

-0.1%MnO4-(#2)

10 15

Reaction Time (hrs)

20 25

Figure 38. pH vs. Time, TAN-40 GW& Crushed Basalt, (ORNL Exp. 4a-R3, Initial TCE= 100
lig/L, Conducted at 12°C, 4:1 L/S Ratio)

-4.0

.01%MnO4-(#l)

1st Order Linear Regression

y = -2.3233x

R2 = 0.8883

-I I I I 1 I !_

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Reaction Time (hrs)

Figure 39 First Order TCE Oxidation Rate Constant for the0.01% Mn04" (#1) Reactor, TAN-
40GW and Crushed Basalt, (ORNL Exp. 4a-R3, Initial TCE= 1000 ng/L, Conducted
at 12°C, 4:1 L/S Ratio)

70



Table 16. TCE Mass Balance for ORNL Exp. 4a-R3 (TAN-40 GW & Crushed Basalt).

Test Condition
Total

Initial

Mass

(mg)a.

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 0.08 0.08 0.000

0%

0.07

83%

0.01

11%'

NA

NA

0.1

94%

Control (#2) 0.08 0.08 0.000

0%

0.06

86%

0.01

11%

NA

NA

0.1

97%

0.01% (#1) 0.07 0.07 0.000

0%

0.00

0%

0.001

2%

0.07

106%

0.1

108%%Sorbed: -8%

0.01% (#2) 0.07 0.07 0.000

0%

0.00

0%

0.001

2%

0.07

103%

0.1

105%%Sorbed: -5%

0.1% (#1) 0.07 0.07 0.000

0%

0.00

0%

0.001

2%

0.07

102%

0.1

104%%Sorbed: -2%

0.1% (#2) 0.07 0.07 0.000

0%

0.00

0%

0.001

2%

0.07

102%

0.1

104%%Sorbed: -2%

a Total Initial ibr slurries computed using the jiverage initial aiqueous TCE concenti•ation of the

GW control samples (Avg=151 ng/L, a=l 1 |ig/L). For GW controls, Total Initial = Initial
Aqueous.

Table 17. MnQ4" ConsumptionData for ORNL Exp. 4a-R3 (TAN-40 GW & Crushed Basalt).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1)
60.5 0.11 24.57 0.04

0.01% (#2)
60.5 0.11 10.39 0.02

0.1% (#1)
605.0 1.09 61.42 0.11

0.1% (#2)
605.0 1.08 30.36 0.05

Consumption is computed after 24 hr reaction time
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ORNL Exp. 4a-R4
(TAN-40, Aggregate Basalt, 100TCE, 0 Other, 0.01% and 0.1% Mn04")

Slurries of TAN-40 GW and aggregate basalt wereevaluated in this experiment. The TCE,
Mn04" and pH values with time are presented in Figures 40, 41, and 42, respectively. Tables 18
and 19provide additional TCE mass balance and oxidant consumption information. The (#1)
and (#2) notations includedin both the figure legends and the first column of these tables refer to
the duplicate reactors evaluated for that test condition.

No deviations from the testplanprocedure were made in this experiment.

After overnight equilibration, the average initial aqueous TCE concentration of the spike solution
was 164 (ig/L (a= 30 (J.g/L). After transfer to the test reactors andequilibration with the
aggregate basalt, the groundwater TCEconcentration ranged between 128 and 144 fj.g/L TCE
(T=0 aliquots) prior to the start of the oxidation reaction. TCE recoveries of 94% and 102%
were obtained for the control reactors. No TCE was observed in the extracts from the charcoal
desorption tubes from either the control or the treatment reactors.

In this experiment, the total recovered TCE was less than 100% for 3 of the 4 treatment reactors.
The initial aqueous TCE values for these 3 reactors were slightly lowerthan those observedfor
theTAN-40 GW controls. This suggests thatTCE was initially (1) adsorbed by the aggregate
basalt and/or (2) trapped within the intra-particle porewater spaces. Differences in thepredicted
total TCE mass and the initial measured aqueous TCE mass for these three treatment reactors
results in predicted adsorption values of 2%, 4%, and 8% (see Table 18). These predicted
adsorptionvalues are maximum values; i.e., assuming no volatilization occurred, etc.
Unfortunately, the TCE equilibration experiments attempted for the aggregate basalt (SOW Task
2c) did not provide meaningful results to further verify this potential retention mechanism.

Although less than 100% recoveries were obtained, it is believed that complete oxidation of both
sorbed and aqueous TCE did occur. If adsorption mechanisms were to preclude the sorbed TCE
from being oxidized, one would have expected TCE to be detected in the extraction of the entire
reactor following the24 hrs reaction period. However, No TCE was found in thatcomponent of
the mass balance. If the "% Sorbed" values inTable 18 are added to the"%Cumulative Aqueous
Mass Oxidized", a total TCE oxidized value at or near 100% is obtained.

The TCE data presented in Figure 40 indicate that complete TCE oxidation occurredwithin 2 hrs
and within 0.5 hrs for the0.01% and 0.1% Mn04" reactors, respectively. This trend is similar to
that observed inExp. 4a-Rl involving TAN-40 GW spiked at 100 (ig/L. For the0.01% Mn04"
reactors, thetwo aqueous TCE data points (T=0 and T=0.5 hrs) were used to compute the
reaction rate for the initial, rapid step ofthe oxidation reaction. The data were plotted inFigures
43 and 44 as ln(C/C0) vs. Time in order to approximate a first order reaction rate constant, k.
The linear regressions resulted in an average first order rate constantof £=4.28 hr"1. Note that
each of these rate constants were computed using only 2 points, and thus the resulting R2 values of 1.00
should be viewed with skepticism. Enough datapoints are not available to compute a rateconstant
for the 0.1% reactors; however, the observed oxidation rate is greater than 0.12 mg TCE/hr for
these reactors.
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The plots of the Mn04" and pHvs. reaction time follow similar trends to those that have already
been discussed. As expected, the amount ofoxidant consumed falls between that consumed by
TCE-spiked TAN-40 GW only (Exp. 4a-Rl) and TCE-spike Crushed Basalt (Exp. 4a-R3).
There was a net pH increase of approximately 0.3 pH units at 24 hrs as a result of the oxidant
addition andsubsequent oxidation reactions that tookplace.
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Figure 40. TCE vs. Time, TAN-40 GW & Aggregate Basalt, (ORNL Exp. 4a-R4, Initial TCE=
100 ng/L, Conducted at 12°C, 4:1 L/S Ratio)
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Figure 41. Mn04" vs. Time, TAN-40 GW & Aggregate Basalt, (ORNL Exp. 4a-R4, Initial
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Table 18. TCE Mass Balance for ORNL Exp. 4a-R4 (TAN-40 GW & Aggregate Basalt).

Test Condition
Total

Initial

Mass

(mg)a

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 0.07 0.07 0.000

0%

0.06

82%

0.01

11%

NA

NA

0.1

94%

Control (#2) 0.07 0.07 0.000

0%

0.06

90%

0.01

12%

NA

NA

0.1

102%

0.01% (#1) 0.06 0.06 0.000

0%

0.00

0%

0.001

2%

0.05

96%

0.1

98%%Sorbed: 2%

0.01% (#2) 0.06 0.05 0.000

0%

0.00

0%

0.001

2%

0.05

93%

0.1

95%%Sorbed: 4%

0.1% (#1) 0.06 0.05 0.000

0%

0.00

0%

0.001

2%

0.05

92%

0.1

94%%Sorbed: 8%

0.1% (#2) 0.06 0.06 0.000

0%

0.00

0%

0.001

2%

0.06

103%

0.1

105%%Sorbed: -3%

a- Total Initial ior slurries computed using the iiverage initial aLaueous TCE concenti ation of the

GW control samples (Avg=140 ug/L, a=l |ag/L). For GW controls, Total Initial = Initial
Aqueous.

Table 19. Mn04" Consumption Datafor ORNL Exp. 4a-R4 (TAN-40 GW& Aggregate Basalt).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 48.3 0.10 5.16 0.01

0.01% (#2) 48.3 0.10 3.81 0.01

0.1% (#1) 482.6 0.95 29.67 0.06

0.1% (#2) 482.6 0.95 6.79 0.01

a Consumption is connputed after 24 ir reaction time.
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ORNL Exp. 4a-R5
(TAN-40, CrushedBasalt, 1000TCE, 0 Other, 0.01% and 0.1% Mn04")

Slurries of TAN-40 GWand Crushed basalt were evaluated in thisexperiment. TheTCE, Mn04"
and pH values with time arepresented in Figures 45, 46, and 47, respectively. Tables 20 and 21
provide additional TCEmass balance and oxidant consumption information. The (#1) and(#2)
notations included in both the figure legends and the first column of these tables refer to the
duplicate reactors evaluated for that test condition.

No deviations fromthe testplan procedure were made in this experiment.

After equilibration, the average initial aqueous TCE concentration of the spike solution was 1350
Hg/L (a= 5 |J.g/L). After transfer to the test reactors and equilibration with the crushed basalt, the
groundwater TCE concentration ranged between 1259and 1319 ng/L TCE (T=0 aliquots) prior to
the start of the oxidation reaction. Comparison of the total initial TCE masses with the initial
aqueous TCE masses (Table 20), leads to predicted TCE adsorption values between -2 and 3%
for the crushed basalt used in this experiment.

TCE contamination (8-12 ng/L) was observed in the GC QA/QC checks blanks for this
experiment. TheTCEvalues obtained from theexperimental samples further suggest that the
hexane used to extract theaqueous samples and the carbon desorption tubes may have been
contaminated with a small, unknown amount of TCE. Presence of TCE on the charcoal beds of
the desorption tubes could be attributed to volatilization. It is suspected, however, that it is
largely a result of the solvent contamination problem, particularly since the secondcharcoal bed
sample, in several instances, contained detectable amounts of TCE while the first charcoal bed
did not. The experiment was not repeated. The overall results from this experiment were very
similar to those obtained in the previous dissolved plumetests that had been conducted. Thus, it
did not appear prudent or cost effective to repeat theexperiment in light of the benefits that
would be gained.

TCE recoveries for the control samples were 94% and 95%, suggesting that some TCE may have
been lost to volatilization. The degree ofpotential volatilization, however, cannot becompletely
estimated due to the potential contamination of thecharcoal desorption tubes discussed above.

Again, complete oxidation of the added TCE was not observed in thisexperiment. With the
exception of the first 0.1% Mn04" reactor, extracts from all the other treatment reactors contained
approximately a 10-20 ng/L residual TCE concentration. The residual TCE is likely to be a
result of sample/solvent contamination problem. While the presence of the additional TCE
complicates the interpretation of the mass balance, the amount of solvent contamination is small
and does not completely invalidate general trends observed in the TCE oxidation reactions. The
general trend of rapid TCE oxidation was still observed. If one were to assume that the residual
TCE concentration aredue to contamination, complete TCE oxidation likely occurred within 5
hrs and within 0.5 hrs for the 0.01% and 0.1%) Mn04" reactors, respectively. Although there are
greater than three TCE data points present, a rate constant was not computed for this experiment
since it is likely that the accuracy of the some of the data points is questionable. However,
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observed rates of TCE oxidation are estimated to be greater than and 1.0mg TCE/hr for the
0.01% and 0.1% Mn04" reactors, respectively.

Little oxidant was consumed by the treatment reactors. Infact, the Mn04" consumption values
from this experiment (Table 21) are similar to those obtained inExperiment 4a-R2, the TAN-40
GW only case (Table 15). It is notknown what phenomenon lead to thenegative oxidant value
for the second 0.1% Mn04" reactor. From the pH plot (Figure 47), the treatment reactors appear
to experience a slight pHdrop before ultimately reaching a netpH increase during thecourse of
the 24 hr reaction period. It is interesting to note that thetrend inpH for second 0.1% Mn04"
reactor, which resulted in a negative oxidant value, did not follow that of the other treatment
reactors evaluated in this experiment.
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Table 20. TCE Mass Balance for ORNL Exp. 4a-R5 (TAN-40 GW & Crushed Basalt).

Test Condition
Total

Initial

Mass

(mg)a

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1)
0.65 0.65 4.05E-05

0%

0.55

85%

0.08

11%

NA

NA

0.6

96%

Control (#2)
0.64 0.64 3.79E-05

0%

0.54

85%

0.08

12%

NA

NA

0.6

97%

0.01% (#1)
0.53 0.51 3.94E-05

0%

0.01

1%

0.011

2%

0.49

94%

0.5

97%
%Sorbed: 3%

0.01% (#2)
0.54 0.53 2.71E-05

0%

0.00

0%

0.011

2%

0.52

95%

0.5

97%
%Sorbed: 2%

0.1% (#1)
0.50 0.48 0.00E+00

0%

0.00

0%

0.009

2%

0.49

98%

0.5

100%
%Sorbed: 3%

0.1% (#2)
0.53 0.53 3.64E-05

0%

0.01

2%

0.010

2%

0.54

102%

0.6

105%
%Sorbed: -2%

a Total Initial ior slurries computed using the iiverage initial aiqueous TCE concent]ration of the

GW control samples (Avg=1,297 p.g/L, o=30 ug/L). For GW controls, Total Initial = Initial
Aqueous.

Table 21. MnQ4" Consumption Data for ORNL Exp. 4a-R5 (TAN-40 GW & Crushed Basalt).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 47.7 0.10 11.14 0.02

0.01% (#2) 47.7 0.09 10.01 0.02

0.1% (#1) 477.0 0.97 8.47 0.02

0.1% (#2) 477.0 0.93 -4.39 -0.01

a Consumption is connputed after 24 ir reaction time.

82



ORNL Exp. 4a-R6
(TAN-40, Aggregate Basalt, 1000TCE, 0 Other, 0.01% and 0.1% Mn04")

Slurries of TAN-40 GW and aggregate basalt were evaluated in this experiment. The TCE,
Mn04" andpH values with time are presented inFigures 48,49, and 50, respectively. Tables 22
and 23 provide additional TCE mass balance and oxidant consumption information. The (#1)
and (#2) notations included in both the figure legends and the first columnof these tables refer to
the duplicate reactors evaluated for that test condition.

Aprocedural change was made to thetestplan for this experiment. The TCE-spiked TAN-40
GWwasonly mixed/equilibrated for 3 hrs (instead of overnight) prior to being added to the
reactors and equilibrated with the aggregate basalt. The change was made due to a leak observed
in the Tedlar spiking bag. The control and 0.01% Mn04" reactors were quickly filled using the
spike solution still within theTedlar bag. The two 0.1% Mn04" test reactors were filled using an
approximate 50/50mixture of remaining groundwater in the Tedlar bag with that which had
leakedout onto the spillcontainment tray. Hence, it wasexpected that the initial TCE mass for
these 0.1% Mn04" test reactors would be low.

After the shortened equilibration period, the average initial aqueous TCE concentration of the
spike solution was 2,440 pig/L (a= 140 \xg/L). After transfer to the test reactors and equilibration
with the aggregate basalt, the groundwaterTCE concentration ranged between2,304 and 2,574
(j.g/L TCE(T=0 aliquots) for thecontrol and 0.01% Mn04" reactors. The initial aqueous TCE
concentration within the 0.1% Mn04" reactors was 635 ng/L (o= 16 ng/L) prior to the start of the
oxidation reaction. The control reactors yielded total TCE recoveries of 99% and 97% after the
24 hr reaction period. Thus, it was again believed that the reactors minimized the amount of
TCE lost via volatilization. TCE was not found on the charcoal desorption tubesor in the final
treatment reactor extractions. Total TCE recoveries for the 0.01% Mn04" reactors were only
91% and 93%. A closer look at the data reveals that initial aqueous TCE concentrations of in
bothof these slurry reactors were 8% lower than thatof the groundwater controls. (Avery
similar adsorption/retention value was observed for the aggregate basalt inExp.4a-R4). Since
TCE was not present when the remaining basalt and GW was extracted at the end of the test
period, it is expected that all of the total initialTCE present was oxidized. Even if this
assumption is correct, the TCE fraction initially associated with the aggregate basalt would still
not appear in the "Cumulative Aqueous Mass Oxidized" columnof Table 22. (This part of the
mass balance only takes beginning and ending aqueousconcentrations into account.) However,
if one assumes that the aggregate bound TCE is oxidized, effective total TCE recoveries of 99%
and 101% are obtained for the 0.01% Mn04" test reactors. This assumption appears valid since
the control reactors for this experiment yielded high TCE recovery values.

Since the total initial TCE in the 0.1% Mn04" reactors is computed using the average
concentration of the GWcontrols at T=0, the resulting total TCE recoveries are only« 26%.
Unfortunately, there are no QA/QC samples to ascertain the total initial TCE mass in the 0.1%
Mn04' reactors (due to the leak in the Tedlar bag). However, if one were to assume that the
aggregate basalt in these reactors initially adsorbed 8% of the total initial TCE (as in the case of
the 0.01% Mn04" reactors), total initial TCE masses of 0.29 mg and 0.26 mgwouldresult for the
first and second 0.1% Mn04'reactors, respectively. Recalculation of the Cumulative Aqueous

83



Mass Oxidized component of the mass balance would then yield a value of 94% being oxidized
for both 0.1% Mn04" reactors. Similarly, total effective recoveries for these reactorswould then
be in the range of96% and 97% for the first and second 0.1% Mn04" reactor, respectively.

The rateofTCE oxidation by the0.01% Mn04" reactors appeared were slower for this
experiment than thatobserved in other dissolved plume media experiments. FromtheTCE data
in Figure 48, a TCE residual was present in the first 0.01% Mn04" reactor until the final aliquot
samples were collected. There is no information to suggest that this residual TCE is not "real".
TCE oxidation appeared to follow a 2-step process, with the first step («0-5 hrs) being rapid.
The aqueous TCE data between T=0 and T=3 hrs was used to compute the reaction rate for the
initial, rapid step of theoxidation reaction. The data were plotted in Figure 51 as ln(C/C0) vs.
Time inorder to approximate a first order reaction rate constant, k. The linear regression
resulted in a first order rate constantof k=1.83 hr"1. While the fit of the data to a first order rate
constant may not be optimal, attempts to evaluate other rate models were not made since the
mechanisms occurring in such a complexsystem are not known.

Complete oxidation was observed for the second 0.01% Mn04"reactor within 5 hrs.
If calculated as in previous experiments, an observed oxidation rate of0.2 mg TCE/hr isobtained
for the second 0.01% Mn04" reactor. An attempt was also made to compute the first order
reaction rate constant(s) for the TCE data (T=0-3 hrs) fromthe second0.01% Mn04" reactor.
Theplot of the first order relationship is presented in Figure 52, and a first order rate constant of
2.12 hr-1 was obtained. Thus, the rate constants obtained for both ofthe 0.01% Mn04" reactors
are similar.

Complete TCE oxidation occurred within 2 hrs inthe 0.1 %Mn04" reactors. Enough data points
are not available to compute a rate constant; however, the observed oxidation rate isgreater than
0.14 mg TCE/hr for the 0.1% Mn04" reactors. Note, however, that the initial TCE mass was
significantly less than expected to the leak inthe Tedlar bag and was assumed to be «0.28 mg
TCE (see above).

Finally, as with all the dissolved plume media experiments conducted, little oxidant consumption
was observed. The lower Mn04" consumption for the second 0.01% Mn04" reactor (Table 23) is
likely related to accuracy andprecision of the spectrophotometry. TheMn04" values for this
reactor (Figure 49) change little during the reaction period until the last sample aliquot is
collected.

Only small changes inpH were observed (<0.2 pH units). However, inthis experiment, the
final pH values ofthe slurries were less than the values before oxidant addition (Figure 50). This
is easily explained by the fact that the initial starting pH ofthe TAN-40 GW for this experiment
was «8.4, which was slightly highly than that observed in most other dissolved plume
experiments. (Note: A similar trend was also observed inExp. 4a-R2.)
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Table 22. TCE Mass Balance for ORNL Exp. 4a-R6 (TAN-40 GW & Aggregate Basalt).

Test Condition
Total

Initial

Mass

(mg)a

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 1.25 1.25 0.000

0%

1.10

87%

0.15

12%

NA

NA

1.2

99%

Control (#2) 1.22 1.22 0.000

0%

1.03

85%

0.15

12%

NA

NA

1.2

97%

0.01% (#1) 0.98 0.89 0.000

0%

0.00

0%

0.022

2%

0.87

89%

0.9

91%%Sorbed: 8%

0.01% (#2) 1.02 0.94 0.000

0%

0.00

0%

0.019

2%

0.93

91%

0.9

93%%Sorbed: 8%

0.1% (#1) 1.051 0.27 0.000

0%t

0.00

0%f

0.005

0%f

0.27

26%f

0.3

26%f%Sorbed: 74%f

0.1% (#2)

a. m...iT •. • i /

0.96f 0.24 0.000

0%+

0.00

0%f

0.004

0%f

0.24

25 %f

0.2

26%f%Sorbed: 75 %f

GW control samples (Avg=2,516 jig/L,o=81 ng/L). For GW controls, Total Initial = Initial
Aqueous.

f Total Initial TCE mass is unknown due to leak in spiking solution container prior to
distribution of TAN-40 GW to this reactor.

Table 23. Mn04" Consumption Data for ORNL Exp. 4a-R6 (TAN-40 GW & Aggregate Basalt).

Test Condition
Initial

Oxidant

(mg Mn04)

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 50.3 0.10 9.08 0.02

0.01% (#2) 50.3 0.10 0.81 0.00

0.1% (#1) 503.1 0.96 22.91 0.04

0.1% (#2) 503.1 1.03 13.46 0.03

Consumption is connputed after 24 ir reaction time.
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ORNL Exp. 4a-R7
(TAN-40, SEDl, 100TCE, 0 Other, 0.01% and 0.1% Mn04")

Slurries of TAN-40 GW and sediment were evaluated in this experiment. The TCE, Mn04" and
pH values with time arepresented in Figures 53, 54, and 55, respectively. Tables 24 and 25
provide additional TCE mass balance and oxidant consumption information. The (#1) and (#2)
notations included in both the figure legends and the first column of these tables refer to the
duplicate reactors evaluated for that test condition.

No deviations were made to thetestplan during theconduct of this experiment. However, this
experiment was performed using thefirst sediment sample received byORNL (SEDl inTable 1)

After equilibration, the average initial aqueous TCE concentration of the spike solution was 274
ug/L (a= 6 ug/L). After transfer to the test reactors andequilibration withthe sediment, the
groundwater TCE concentrations ranged between 206 and 255 ^g/LTCE (T=0 aliquots). This
apparent reduction may be a result of either (1) loss viavolatilization during the transfer or (2)
adsorption onto the TAN sediment. The control reactors yieldedtotal TCE recoveries of 92%
and 96% after the 24 hr reaction period, indicating that some loss or volatilization may have
occurred. However, no TCE was not found on thecharcoal desorption tubes from any of the
controlor treatment reactors. Recall, however, that not all of the headspace volume of each
reactor is passed through the desorption tubes.

InitialTCE adsorption by the sediment of 7-19% is indicated by the data in Table 24. Since TCE
was not found in the last few aqueous aliquots (seeFigure53) or in the final reactor extractions
after 24 hrs, it is again suspected that any TCE sorbed bythe sediment was oxidized during the
reaction period. Assuming that the sorbedTCE mass oxidizedyields effectivetotal TCE
recoveries of 100% for both 0.01% Mn04" reactors and 103% for both 0.1% Mn04" reactors.

Complete TCE oxidation occurred within 3 hrs for the 0.01% Mn04" reactors and within 0.5 hrs
for the 0.1% Mn04" reactors. For the 0.01% Mn04" reactors, the aqueous TCE data between T=0
and T=2 hrs was used to compute the reaction rate for the initial, rapid step of the oxidation
reaction. The data were plotted in Figures 56 and 57 as ln(C/C0) vs. Time in order to
approximate a first order reaction rate constant, k. The linear regressions resulted in an average
first order rate constant ofk=2A6 hr"1. While the fit ofthe data to a first order rate constant may
not be optimal, attempts to evaluate other rate models were not made since the mechanisms
occurring in such a complex system are notknown. There were notenough available datapoints
to accurately compute a rate constant for the 0.1% Mn04" reactors, the observed oxidation rates
was greater than 0.19 mg TCE/hr for those reactors.

As with all dissolved plume mediaevaluated, significant oxidant consumption was not observed
in this experiment. The oxidation consumption masses observed were on the order of those
observed for slurries of crushed and aggregate basalt that were nominally spiked with 100fig/L
TCE (Experiments. 4a-R3 and 4a-R4).

ThepH values obtained here for the sediment andTAN-40 GW slurries were distinctly different
than those obtained for the TAN site basalt (crushed or aggregate). First, the initialpH values of
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the treatment reactors (before oxidant was added) were about 0.2 pH units less than those
observed for the two TAN-40 GW control reactors. The pH values in the treatment reactors
clearly decrease as the oxidation reactions go to completion. Unlike the TAN basalt material, an
overall net increase in pH at the end of the reaction period was not observed in any of the
treatment reactors. In fact, a net decrease was observed for the 0.1% Mn04" reactors. The same
trend was also observed in the oxidant consumption work (See Figures 14 and 15). This
phenomenon may be due to the buffer capacity of the sediment being lower than that of basalt.
Thus, the sediment may not be able to buffer the H+ ions created as a result of the oxidation
reactions. The pH decrease may also be due to chemistryeffects caused by the destruction (via
oxidation) of some of the organic matter present in the TAN sediment. Regardless of the
mechanisms at work, the pH changes that were observed after oxidant addition were small (<0.2
pH units).
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Table 24. TCE Mass Balance for ORNL Exp. 4a-R7 (TAN-40 GW& Sediment).

Test Condition
Total

Initial

Mass

(mg)a

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 0.12 0.12 0.000

0%

0.10

82%

0.01

11%

NA

NA

0.1

92%

Control (#2) 0.12 0.12 0.000

0%

0.10

84%

0.01

12%

NA

NA

0.1

96%

0.01% (#1) 0.11 0.10 0.000

0%

0.00

0%

0.002

2%

0.10

92%

0.1

93%%Sorbed: 7%

0.01% (#2) 0.10 0.09 0.000

0%

0.00

0%

0.002

2%

0.09

90%

0.1

92%%Sorbed: 8%

0.1% (#1) 0.10 0.10 0.000

0%

0.00

0%

0.002

2%

0.10

94%

0.1

96%%Sorbed: 7%

0.1% (#2) 0.09 0.08 0.000

0%

0.00

0%

0.001

1%

0.08

82%

0.1

84%%Sorbed: 19%

Total Initial for slurries computed using the average initial aqueous TCEconcentration of the
GW control samples (Avg=253 ug/L, a=2 (xg/L). For GW controls, Total Initial = Initial
Aqueous.

Table 25. Mn04" Consumption Datafor ORNL Exp. 4a-R7 (TAN-40 GW & Sediment).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 50.4 0.10 9.98 0.02

0.01%) (#2) 50.4 0.10 5.28 0.01

0.1% (#1) 504.1 0.99 28.28 0.06

0.1% (#2) 504.1 1.08 37.44 0.08

Consumption is connputed after 24 tir reaction time.
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ORNL Exp. 4a-R8
(TAN-40, SED2, 1000TCE, 0 Other, 0.01% and 0.1% Mn04")

Slurries ofTAN-40 GW and sediment were evaluated in this experiment. The TCE, Mn04" and
pHvalues with time are presented inFigures 58, 59, and 60, respectively. Tables 26 and 27
provide additional TCE mass balance and oxidant consumption information. The (#1) and (#2)
notations included in both the figure legends and the first column of these tables refer to the
duplicate reactors evaluated for that test condition.

No deviations were made to the testplan during theconduct of this experiment. However, this
experiment was performed using the second batch ofsediment material received by ORNL
(SED2 in Table 1).

After equilibration, the average initial aqueous TCE concentration of the spike solution was
1,892 ug/L(a= 69 p.g/L). After transfer to thetest reactors and equilibration with the sediment,
the aqueous TCE concentrations in the slurries were lower than those observed in the
groundwater controls. In fact, theTAN sediment (SED2) adsorbed an average of 11% of the
total initial TCEadded (Table 26). A decrease in the aqueous TCEconcentrations of the control
reactors with time was observed and culminated in final TCE recovery values of only 88% and
90% for the first and second control reactors, respectively. Closer examination of the aliquot
TCE data for the control reactors revealed that most of the loss occurred immediately following
the T=0hrs sampling period. The TCE concentrations then held relatively constant throughout
the remainder of thereaction period. The loss of TCE from the control reactors was likely via
volatilization. However, noTCE was found on thecharcoal desorption tubes from any of the
controlor treatment reactors. (Recall that not all of the headspace volume of each reactor is
passed through the desorption tubes.)

Forthe treatment reactors, TCE was not detected at 24 hrs either in the aqueous aliquot sample
or inthe extraction of thereactor contents following collection of the last aliquot sample. If the
initial adsorbed fraction is assumed to be oxidized along with the aqueous TCE, which is
supported by the lack of TCE detection in the final reactor extractions, effective total TCE
recoveries for the treatment reactors would range between 100-103%. While complete oxidation
TCE present is likely, it should be understood that someof the initial TCE may havebeen lost to
volatilization in this experiment since both controlreactorsexperienced a significant loss of TCE
between the T=0 hrs and T= 0.5 hrs sampling periods.

From Figure 58, the aqueous TCE concentrations were readily reduced to no detection within
hours for each treatment reactors (with the exception of the first 0.01% Mn04" reactor). While
the oxidationrate within the first 0.01% Mn04" reactors appearedto slow after T= 5hrs, TCE was
ultimately not detected at 24 hrs. An attempt to calculate a rate constant for both 0.01% Mn04"
reactors was performed using the TCE data between T=0 and T=3 hrs. The aqueous TCE data
were plotted in Figure 61 and Figure 62 as ln(C/C0) vs. Time for the first and second 0.01%
reactor, respectively. These linear regressionresulted in first order rate constantsof k=l.51 hr"1
and 1.70 hr'1. While the fit of the data to afirst order rate constant may not be optimal, attempts
to evaluate other rate models were not made since the mechanisms occurring in such a complex
systemare not known. These first order rate constants are lowerthan thoseobtained in Exp. 4a-
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R6 for the aggregate basalt. As willbe presented in a summary table for the dissolved plume
experiments, the initial TCE mass was «25% greaterfor the aggregate basaltexperiment. Thus,
the TCE oxidation rate may be dependent upon the initial TCE concentration.

As observed previously for the dissolved plume media, complete TCE oxidation occurred within
0.5 hrs for the 0.1% Mn04" reactors. Enough data points are not available to compute a rate
constant; however, the observedoxidation rate is greater than 1.6 mg TCE/hr for the 0.1% Mn04"
reactors.

As with all dissolved plume media evaluated, little oxidant consumption was observed. In fact,
negative oxidant consumption values were obtained for the 0.1% Mn04" reactors. As discussed
previously, this result likelystems from the inability to accurately quantify very small changes in
Mn04" concentrations with the spectrophotometer used.

ThepH values initially decreased as the oxidation reactions went to completion. Thefinal pH
values for this sediment experiment, however, were distinctly different than those obtained for
the TAN site basalt. The results are similar to those obtained from the other sediment

experiment (Exp. 4a-R7). After the initial pH decrease associated with active oxidation, the pH
values for the 0.01% Mn04" reactors nearly increased backto their initial values. The pH values
of the 0.1% Mn04" reactors, on the other hand, did not rebound after the initial oxidation
reactions. Instead, the slurry pH values remained «0.2-0.3 pH units below their initial values
(before oxidant addition). This phenomenon again may have resulted from the lack of sediment
buffering capacityto counteract the formation of the H+ ions released during either TCE or
sediment oxidation.
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Table 26. TCE Mass Balancefor ORNLExp. 4a-R8 (TAN-40 GW & Sediment).

Test Condition
Total

Initial

Mass

(mg)a'

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 0.98 0.98 0.000

0%

0.75

77%

0.11

11%

NA

NA

0.9

87%

Control (#2) 0.97 0.97 0.000

0%

0.76

79%

0.11

11%

NA

NA

0.9

90%

0.01% (#1) 0.74 0.65 0.000

0%

0.00

0%

0.014

2%

0.64

87%

0.7

89%%Sorbed: 12%

0.01% (#2) 0.75 0.68 0.000

0%

0.00

0%

0.014

2%

0.67

90%

0.7

91%%Sorbed: 9%

0.1% (#1) 0.77 0.71 0.000

0%

0.00

0%

0.013

2%

0.72

93%

0.7

95%%Sorbed: 8%

0.1% (#2) 0.79 0.67 0.000

0%

0.00

0%

0.011

1%

0.68

86%

0.7

87%%Sorbed: 15%

a Total Initial ccomputed using the average initi al aqueous TC E concentration of the GW contro

samples (Avg=l,954 ug/L, a=28 ug/L).

Table 27. Mn04" Consumption Data for ORNLExp. 4a-R8 (TAN-40 GW & Sediment).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 47.4 0.10 15.33 0.03

0.01% (#2) 47.4 0.10 13.50 0.03

0.1% (#1) 474.2 0.95 -0.81 0.00

0.1% (#2) 474.2 0.92 -12.58 -0.02

a' Consumption is contiputed after 24 ir reaction time.
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Summary - TCE Oxidation Rate Measurements, Dissolved Plume Media

This set ofexperiments measured the rate ofTCE oxidation inthe presence ofgeologic media
(groundwater, basalt, and fracture fill material [sediment]) from the 'dissolved plume' at TAN,
i.e. down gradient of the hot spot. The concentrations ofMn04" used in this experiment (0.01%
and 0.1% Mn04") are lower than the concentrations used in the parallel experiments using media
from the hot spot because the oxidant demands of dissolved plume media are less than those of
hot spotmedia. Summary Datafrom this series of experiments are presented in Tables 28
through 38. (Table 38 is a complete summarization ofthese experiments and the data presented
in Tables 28 through 37.)

Table 28 lists the experimental identification used byORNL for this series of experiments.

Table 28 Experimental Identification forDissolved Plume Media Experiments.

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ng/L 1000 ug/L
Groundwater Only

0.01 % 4aRl 4aR2

0.1% 4aRl 4aR2

Groundwater and Crushed Basalt

0.01 % 4aR3 4aR5

0.1% 4aR3 4aR5

Groundwater and Aggregate Basalt
0.01% 4aR4 4aR6

0.1% 4aR4 4aR6

Groundwater and Sediment

0.01% 4a4R7 4aR8

0.1% 4a4R7 4aR8

The initial andfinal Mn04" concentrations in this series of experiments arepresented in Tables
29 and 30, respectively. The Mn04" concentrations used in these experiments were high enough
that Mn04"was present at the end of each experiment, and thus TCE oxidation was not limited
by lowMn04" concentrations. This is in contrast to the 'hotspot media' experiments described in
following sections (2.4.3 and 2.4.4).
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Table 29. InitialAqueous Mn04" Concentrations for Dissolved Plume Media Experiments.

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
Groundwater Only

0.01 % 115 117

0.1% 1,100 1,112
Groundwater and Crushed Basalt

0.01 % 138 117

0.1% 1,322 1,191
Groundwater and Aggregate Basalt

0.01% 120 129

0.1% 1,186 1,244
Groundwater and Sediment

0.01% 127 126

0.1% 1,287 1,170

Average Concentration of 2 test reactors (mg/LMn04"). All samples filtered (0.45 urn) prior
to analysis.

Table30. Final Mn04" Concentrations for Dissolved PlumeMediaExperiments.

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
Groundwater Only

0.01 % 99 80

0.1% 1,100 1,095
Groundwater and Crushed Basalt

0.01 % 99 91

0.1% 1,221 1,185
Groundwater andAggregate Basalt

0.01% 109 116

0.1% 1,141 1,200
Groundwater and Sediment

0.01% 108 88

0.1% 1,202 1,186

Average Concentration of 2 test reactors (mg/L Mn04"). All samples filtered (0.45 jim) prior
to analysis.

Tables 31 and 32show the initial and final aqueous TCE concentrations in the Mn04~- spiked
reactors. Note that the TCE concentrations included in these tables do not include TCE that was
originally bound to the TAN solid phases that might havebeenpresent in the test reactors. As
observed inTable 31, theactual TCE spike concentrations for the dissolved plume media
experiments were typically greater than the target (nominal) TCE concentrations. In fact, the
average TAN-40 GW spike concentrations were 200 and 1,780 ug/L for experiments having
target TCE spike concentrations of 100 and 1,000 ug/LTCE, respectively. This anomaly is
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believed to have resulted from the use ofa saturated TCE solution to prepare the spiked
groundwater solution (see Appendix B, Testplan). Volumes ofsaturated TCE needed for spiking
were made with the assumption that the maximum aqueous TCE solubility was near 1,000 mg/L.
It is suspected that its actual concentration was somewhat greater since DNAPL was also present
in the bottom of the saturated solution container. While nearly double the desired values, the
actual TCE spike concentrations are all within thesame order of magnitude of thenominal,
target values.

Table 33 shows the percentage ofTCE oxidized and removed during sampling. (These values
were obtained from the mass balance tables presented previously in this section.) TCE
concentrations in control reactors remained approximately constant, while TCE concentrations
declined to less than method detection limits (MDLs) in reactors that contained Mn04". This
demonstrates that oxidation ofTCE byMn04" is the predominant mechanism whereby TCE was
destroyed.
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Table 31. Initial TCE Concentrations for Dissolved Plume Media Experiments.

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
Groundwater Only

0.01 % 178 1,368
0.1% 179 1,319

Groundwater and Crushed Basalt
0.01 % 162 1,266
0.1% 154 1,288

Groundwater and Aggregate Basalt
0.01% 136 2,314
0.1% 136 636b-

Groundwater and Sediment

0.01% 235 1,753
0.1% 221 1,724

Average Concentration of 2 test reactors (ug/L TCE).
Initial TCE concentration is unknown due to a leak inthe spiking solution container prior to
filling these reactors.

Table 32. Final TCE Concentrations for Dissolved Plume Media Experiments.

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
Groundwater Only

0.01 % ND ND,14
0.1% ND ND

Groundwater and Crushed Basalt

0.01 % ND 22b-
0.1% ND ND,15b-

Groundwaterand Aggregate 13asalt

0.01% ND ND,20
0.1% ND NDC

Groundwater and Sediment

0.01% ND ND

0.1% ND ND

Average Concentration of 2 test reactors (ug/L TCE).
TCE Contamination detected in hexane GC blanks.

Initial TCE concentration is unknown due to a leak in the spiking solution container prior to
filling these reactors.
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Table 33. Percentage of InitialTCE Mass Oxidized and Removed by Sampling.

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
GroundwaterOnly

0.01 % 100 100

0.1% 101 102

Groundwater and Crushed Basalt

0.01 % 106 97

0.1% 104 100

Groundwater and Aggregate Basalt

0.01% 97 92

0.1% 100 26b-
Groundwater and Sediment

0.01% 93 90

0.1% 89 91

Average Value determined from 2 test reactors (wt%)
b Initial TCE concentration is unknown due to a leak in the spiking solution container prior to

filling these reactors.

The rate of TCE oxidation on 'per reactor' and 'per unit volume' bases are presented in Tables 34
and 35, respectively. These are lower bound estimates of the zero order reaction rate.

Table 34. Observed Minimum Zero Order TCE Destruction Rates - Per Reactor Basis,
Dissolved Plume Media. a"

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
Groundwater Only

0.01 % 0.03 0.14

0.1% 0.2 0.34

Groundwater and Crushed Basalt

0.01 % 0.02 0.11

0.1% 0.14 1.0

Groundwater and Aggregate i3asa.lt

0.01% 0.03 0.2

0.1% 0.12 0.14

Groundwater and Sediment

0.01% 0.04 0.15

0.1% 0.19 1.6

Values are the average of 2 test reactors (mg TCE / hr per reactor). Computed by dividing
the Average Initial TCE Mass present in each reactor by the earliest aliquot sampling time at
which TCE was not detected. Each reactor contained nominally 400 mL water and, if a solid
phase was present, 100 g of solid media. See Appendix C for actual GW and solid phase
masses in each reactor.
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Table 35. Observed Minimum Zero Order TCE Destruction Rates -Per Unit Volume Basis,
Dissolved Plume Media.a

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
Groundwater Only

0.01 % 0.06T 0.28T
0.1% 0.36 0.64

Groundwater and Crushed Basalt

0.01 % 0.04T 0.27

0.1% 0.30 2.5

Groundwater and Aggregate Basalt
0.01% 0.07T 0.50T
0.1% 0.29 0.33

Groundwater and Sediment

0.01% 0.10T 0.4T
0.1%

a. t t i j <-« .

0.48 4

Values are the average of 2 test reactors (mg TCE/L per hour). Values were computed by
dividing the Average Initial TCE Mass present in eachreactor by both (1) the earliest aliquot
sampling time (hrs) at which TCE wasnot detected and (2)the average initial liquidvolume
in the reactor (GW and Mn04" stock solution).
A corresponding first order rate constant is included in Table 38 for this test case.

• TCE oxidation was rapid at the Mn04" concentrations utilized (0.01 % and 0.1%) in these
tests. TCE concentrations typically declined to less than MDLs within 0.5 - 5 hours. Cases
in which TCE concentrations did not decline to less than MDLs are attributed to low level
contamination of the hexaneused for extracting the samples prior to GC analysis.

• TCE oxidation was so rapid that the data resolution is insufficient to calculate reliable
reaction rate parameters.

• TCE oxidation was often complete before the first sample was collected (typically
approximately 0.5 hours after the start of oxidation). Therefore, neither a zero order reaction
rate nor a first order reaction rate constant can be calculatedfor these cases. Instead, a lower
bound of the zero orderreaction rate was calculated by assuming that the TCE concentration
reached zero at the time that the first sample was collected.

• In other cases, TCE concentrations declined to less than the MDL between the first and
second samples. In these cases, lower bound of the a zero order reaction rate was calculated
by assuming that the TCE concentration reached zero at the time that the second sample was
collected.

• In cases where TCE concentrations were greater than the MDL in both the first and second
samples, a first order reaction rate constant was calculated.

• The TCE oxidation rate increased with Mn04" concentration.
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• The calculated TCE oxidation rate also increased with TCE concentration. However, this
may be an artifact of estimating a lower bound of the reaction rate (see items items above)
instead of having sufficient data resolution to calculate an actual reaction rate. Higher initial
TCE concentrations cause the estimated lowerboundof the reaction rate to be greater.

• The TCE oxidation rate does not appearto be sensitive to the type of geologic mediumtested
(groundwater only, aggregate basalt, crushedbasalt, and sediment). Although the rates
calculated for sediment and crushed basalt at high TCE and permanganate concentrations are
much higher than for other materials, closer inspection of the results shows that the
differences between materials can be attributed to variations in initial TCE concentration and
the lack of data resolution (i.e., the time at which concentrations declined to less than MDL
was not determined more closely than less than «0.5 or «2 hours).

Observed zero order reaction rates (mg TCE / L / hour), averaged for all four materials are
shown in Table 36.

Table 36. Representative Zero Order TCE Oxidation Rates. a

Mn04"

Concentration

TCE Concentration

100 1000

(Ug/L) (ug/L)
0.01(%) 0.1 0.4

0.1 (%) 0.4 2

late value presented in mg TCE / L per hour

Observed pH trends for these experiments are presented in Table 37.

Table 37. pH Trends for Dissolved Plume Experiments.

Nominal

Mn04" Concentration
Nominal TCE Concentration

100 ug/L 1000 ug/L
Groundwater Only

0.01 % +0.05 -0.2

0.1% +0.2 -0.1

Groundwater and Crushed 1Sasalt

0.01 % +0.1 +0.1

0.1% +0.1 +0.1

Groundwater and AggregaU»Basalt

0.01% +0.3 -0.2

0.1% +0.3 -0.1

Groundwater and Sediment

0.01% 0 -0.1

0.1% -0.1 -0.2

Values represent net pH changes.
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• Changes in pH were small in all experiments, typically onlya few tenths of a pH unit. No
patterns are apparent, indicating that pH would not be a useful parameter for monitoring
ISCO at these Mn04" andTCE concentrations for the dissolved plume media.

A complete summary of the preceding tables is presented in Table 38 for all the oxidation rate
experiments conducted on the dissolved plume media.
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Table 38. Summary ofthe Dissolved Plume Media Oxidation Rate Experiments.

ORNL

Exp.
No.

Dissolved

Plume

Media

Nominal

Initial

TCE

(Ug/L)

Avg.
Initial

TCE

Mass

(mg)

TCE Oxidation

Observed Rates

(mg TCE/hr-Reactor
Contents)*

Initial

Mn04~
(wt%)

Max. Mn04"

Consumed

(mg Mn047g)

pH Trends
(After 24 hrs)

4a-Rl TAN-40

GW 100

0.10 Complete (<3 hrs)
Obs. Rate >0.03

Avg A=1.78 hr1

0.01% 0.02 <0.05 Net

Increase

0.10 Complete (<0.5 hr)
Obs. Rate >0.2

0.1% 0.00 <0.2 Net

Increase

4a-R2 TAN-40

GW 1000

0.69 Complete1 (<5 hrs)
Obs. Rate > 0.14

Avg A=1.51 hr *

0.01% 0.04 <0.2 Net

Decrease

0.68 Complete (<2 hrs)
Obs. Rate >0.34

0.1% 0.02 O.lNet

Decrease

4a-R3 Crushed

Basalt &

TAN-40

GW

100

0.07 Complete (<3 hrs)
Obs. Rate >0.02

AvgA=2.32 hr"1

0.01% 0.04 O.lNet

Increase

0.07 Complete (< 0.5 hr)
Obs. Rate >0.14

0.1% 0.11 O.lNet

Increase

4a-R5 Crushed

Basalt &

TAN-40

GW

1000

0.54 Complete2 («5 hrs)
Obs. Rate >0.11

0.01% 0.02 O.lNet

Increase

0.52 Complete2 («0.5 hr)
Obs. Rate >1.0

0.1% 0.02 O.lNet

Increase

4a-R4 Aggregate
Basalt &

TAN-40

GW

100

0.06 Complete (<2 hrs)
Obs. Rate >0.03

Avg k=4.2S hr_1

0.01% 0.01 0.3 Net

Increase

0.06 Complete (< 0.5 hr)

Obs. Rate >0.12

0.1% 0.06 0.3 Net

Increase

4a-R6 Aggregate
Basalt &

TAN-40

GW

1000

1.0 Complete (<5hrs)]
Obs. Rate >0.2

Avg*=1.98 hr"1

0.01% 0.023 0.2 Net

Decrease

0.284 Complete (<2 hrs)
Obs. Rate >0.144

0.1% 0.04 O.lNet

Decrease
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Table 38 (continued)
ORNL

Exp.
No.

Dissolved

Plume

Media

Nominal

Initial

TCE

(ug/L)

Avg.
Initial

TCE

Mass

(mg)

TCE Oxidation

Observed Rates

(mg TCE/hr-Reactor
Contents)*

Initial

Mn04"

(wt%)

Max. Mn04"
Consumed

(mg Mn047g)

pH Trends
(After 24 hrs)

4a-R7 Sediment

(SED1)&
TAN-40

GW

100

0.11 Complete (< 3hrs)
Obs. Rate >0.04

Avg^.^hr"1

0.01% 0.02 No Net

Change

0.10 Complete (< 0.5 hr)
Obs. Rate >0.19

0.1% 0.08 O.lNet

Decrease

4a-R8 Sediment

(SED2) &
TAN-40

GW

1000

0.75 Complete (<5 hrs)1
Obs. Rate >0.15

AvgA=1.64hr1

0.01% 0.03 O.05 Net

Decrease

0.78 Complete (< 0.5 hr)
Obs. Rate >1.6

0.1% 0.00 0.2-0.3 Net

Decrease

Observed OxidationRate= (Total Initial mg TCE)/(X hrs-Reactor Contents); Where X
represents the earliest sampling time at which TCE was not detected in the aqueous aliquot.
Where available, the predicted first order reaction rate constant, k, is presented.
"Reactor Contents" are nominally 400 mL TCE-spiked GW and 100g SolidPhase (if
applicable). See Appendix C for actual GW and solid phase masses in each reactor.
One of the duplicate samples contained a 10 ug/L TCE residual.
It is assumed that the reactions were completed. Residual TCE was present due to a solvent
contamination problem. The reported values are estimates.
maximum based on the first 0.01% Mn04" reactor only.
Low due to the fact that the initial TCE was less for these reactors (0.28 mg TCE rather than
1 mg TCE as in the case of 0.01% reactors)
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2.4.3. Oxidation Rate of Organic Contaminants in Hot Spot Groundwater

Eight (8) separate oxidation rateexperiments were performed for thehot spot groundwater
(TSF=05 GW). Each experiment isdiscussed below and identified by the ORNL Experiment
IDs presentedearlier inTable 6. In general, plots of'TCE vs. Time", "Mn04" vs. Time", and
"pH vs. Time" are presented for each experiment. Forall plots ofTCE vs. Reaction time: any
values resulting from analyses in which the sample extract concentration was out of the GC
calibration range are clearly labeled. Note that some experiments werecontinued after 24 hrs.
Such a modification is clearly noted in the experimental discussions.

In addition to theplots, summary tables for the TCE andMn04" data are presented for each
experiment. Several parameters are included in the TCE mass balance tables (e.g., Table 39).
The approach and/or calculations made to obtain each of the values presented in theTCE mass
balance tables are presented below. (Descriptions of the Mn04" consumption tables are
presented at the beginning of Section 2.4.2.)

TCE MASS BALANCE TABLE DESCRIPTION

• Column 1, 'Test Conditions" refers the experimental condition. In this column "Control"
refers to reactors containing only TSF-05 GW and no oxidant. The (#1) and (#2) notations
included in parentheses refer to the duplicate reactors evaluated. The number followed by
the percentage sign is the nominal initial Mn04" concentration added to the treatment
reactors.

• Column 2, 'Total Initial Mass" refers to the TCE mass added to each reactor. For the control
reactors and treatment reactors containing TSF-05 GWthis value is determined by the
following equation: (Aqueous TCE Cone, at T=0) x (GW Volume in the Reactor) Note: T=0
sampling occurred after overnight equilibration and immediately before oxidant addition to
the treatment reactors.

• Column3, "InitialAqueous Mass" For all cases, this value is computed by multiplying the
Aqueous TCE Cone, at T=0 for a given reactor by the volume of GW added to that reactor.
Note: The aqueous concentration at T=0 for each reactor is used here rather than the
concentration of the spiked GW before it is distributed to the individual reactors and
equilibrated. (Thisapproach effectively"removes" or accounts for the any TCE lost during
equilibration from the mass balance calculations performed for the actual oxidation
reactions.)

• Column 4, "Mass Sorbed on Orbo Tubes" represents the summed TCE mass found on each
charcoal bed of the reactor's desorption tube at the end of the reaction period. The TCE mass
was obtained by extraction of charcoal beds with hexane. If TCE is detected on the
desorption tubes, it is realized that the value obtained represents a minimum that was
volatilized sincethe entire reactor headspace volume would not pass through the desorption
tube. The values in parentheses for this column represent the percentage of the Total Initial
Mass (Column 1 of the Table) found within the Orbo Tube.
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• Column 5, "Mass Remaining inReactor" represents theTCE mass still present in each
reactor following the reaction period. For the control reactors and treatment reactors, this
value wascomputed bythe following equation: (Aqueous TCE concentration at T=24 hrs) x
(Init. GWvolume -Cum. Vol. of Aliquot Samples). The values in parentheses for this
column represent the percentage of the Total Initial Mass (Column 1 of the Table) still
present in the reactor.

• Column 6, "Cum. Mass Removed in Aliquots" represents the mass of TCE removed from the
reactor via aliquot sampling. In all cases, this column is computed by summing the masses
ofTCE that were found in each aliquot interval for a given reactor, i.e., £(Aqueous TCE
Cone, x Aliquot Volume). The values inparentheses for thiscolumn represent the
percentage of the TotalInitialMass (Column 1 of the Table) removed from the reactor (and
thereby not subjected to oxidation) during thecourse of the experiment.

• Column 7, "Cum. Aqueous Mass Oxidized" represents the TCE mass initially in the aqueous
phase that wasconsidered to have been oxidized during the reaction period. The oxidized
TCE masses presented in this column were computed by summing the change inaqueous
TCE mass obtained for each sampling period, i.e., Z[(Aq. TCE Cone. T=x - Aq. TCE
Conc.T=x+i) x GW Vol. T=x]- Thus, this approach corrects for TCE removed via previous
aliquot samplings. This component of themass balance canbedifficult to interpret,
particularly when thefinal TCE concentration for a given sampling interval is greater than
the initial TCE concentration. Such anoccurrence will be noted inthe following discussions
of the hot spotgroundwater experiments. Again, the values inparentheses for this column
represent the percentageof the Total Initial Mass (Column 1 of the Table) believed to have
been oxidized.

• Column 8, 'Total Mass Recovered" is the sumof the TCEmasses found in four (4) different
"compartments" at the end of the reaction period (T=24 hrs), i.e., Col. 4+Col. 5 + Col. 6 +
Col. 7. The values inparentheses for this column represent the percentage of the Total Initial
Mass (Column 1 of the Table) that was accounted forduring the course of theexperiment.

Also note that variation inthe initial TSF-05 GW chemistry, e.g. pH values, is expected since
each hot spot groundwater experiment was conductedusing a different batch of TSF-05 GW that
had been sparged for varying amounts of time. (The containers of TSF-05 GW received from
INEEL were not combined/mixed prior to experimentation).

NOTE: A different mass balance approach was required for theexperiments involving
DNAPL phase TCE. Deviations and/or variations of theabove approach are presented in
the individualresultsand discussion sections for those experiments.
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ORNL Exp. 4b-Rl
(TSF-05 GW, No Sludge, 10000 TCE, 0 Other, 0.01% and 0.1% Mn04")

This experiment investigated the oxidation ofTSF-05 GW spiked at 10,000 ug/L TCE. The
TCE, Mn04" and pH values with time are presented in Figures 63, 64, and 65, respectively.
Tables 39and 40provide additional TCE mass balance and oxidant consumption information.
The (#1) and (#2)notations included in both the figure legends and the first column of these
tables refer to the duplicate reactors evaluated for that test condition.

This experiment was performed without significant deviations from the testplan procedure.

After equilibration, the average initial aqueous TCE concentration of the spike solution was
15,545 ug/L (o= 612 ug/L). After transfer to the test reactors, the groundwater TCE
concentration ranged between 13,100 and 14,700 ug/L (T=0aliquots) priorto the startof the
oxidation reactions.

TCE contamination (4-5 ug/L) was observed in the GC QA/QC blanks for this experiment. The
TCE values obtained fromthe experimental samples further suggest that the hexane used to
extract the aqueous samples and the carbondesorptiontubes may have been contaminated with a
small, unknown amount ofTCE. The presence of TCE onthecharcoal beds of thedesorption
tubes could be attributed to volatilization. It is suspected, however, that it is largely a result of
the solvent contamination problem. In several cases, more TCE was found on the second
charcoal bed of the desorption tubes (Figure 4) than on the first charcoal bed which was closer to
the sampling portopening. (Note: Clean desorption tubes were alsoplaced in the incubator in a
subsequent experiment to verify that the headspaceof the incubator was not the source of this
TCE "contamination", and TCE was not detected inthese later extractions.) Although solvent
contamination was suspected, the experiment was not repeated. The amount of contamination
was small, and the overall results from this experiment were very similar to those obtained in the
otherTSF-05 GWexperiments that were conducted. Thus, it did not appear prudent or cost
effectiveto repeatthe experiment in lightof the benefits that would be gained.

TCE recoveries for the control samples were 102% and 95%, suggesting that little TCE was lost
to volatilization. (The >100% recovery may be a resultof the solvent contamination problem.)
Accurate estimates of the TCE volatilized from the control samples, however, cannot be made
due to the potential contamination of the charcoal desorption tubes discussed above.

Although the TCE oxidation of greater thanan order of magnitude was initially observed, all
treatment reactors contained a «200 ug/L TCE residual at the end of the reactionperiod
(regardless of initial oxidant loading). Since a residual oxidant was presentfollowing the
reaction period, theTCE residual is likely to be a result of the solvent contamination during
sample extraction. Thepresence of the additional TCE complicates the interpretation of the
mass balance. Fortunately, the amount of solvent contamination («200 ug/LTCE) is relatively
small compared to the initial spike level (nominal 10,000 ug/LTCE) anddoes not completely
invalidate general trends observed in theTCE oxidation reactions. In fact, TCE recovery
calculations for this experiment indicate TCEoxidation values of 96-100% in spite of the fact
that an aqueous TCE residual was present.
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The general trend of rapid TCE oxidation was still observed. If one were to assume that the
residual TCE concentrations (« 200 ug/L) are due to contamination, complete TCE oxidation
likely occurred within 15 hrs and within 0.5 hrs for the 0.01% and 0.1% Mn04" reactors,
respectively. (These values were determined by extrapolating the initially rapid portion of the
curves in Figure 63 to a concentration of 10 ug/LTCE.) Although there are more than three
TCE data points present, a rate constant was not computed for this experiment since it is likely
thatthe accuracy of theT=5 hrs datapoints is questionable. However, observed rates of TCE
oxidation are estimated to be greater than 0.5 and 13.8 mg TCE/hr for the 0.01% and 0.1%
Mn04"reactors, respectively.

Asignificant amount ofoxidant was consumed by the treatment reactors. Approximately 73%
and 58% of the initial oxidant mass was consumed in the0.01% and 0.1% Mn04" reactors,
respectively. However, the Mn04" consumption values from this experiment (Table 40) indicate
that a much greater Mn04" mass was consumed in the 0.1% Mn04" reactors than observed for the
0.01% Mn04" reactors. This trend was not observed in the dissolved plume media experiments
spiked at much lower TCE concentrations. Since the oxidant demand of the TSF-05 GW was
not significantly high (Task 3 work), the oxidant demand observed here was attributed to the
large TCE spike concentrations.

The pH values within the treatment reactors decreased rapidly during the oxidation the TCE
spiked GW (Figure 65). The pH ofthe 0.01% Mn04" reactors reached a final pH value of«7.8, a
net decrease of>0.8 pH units. Similarly, the 0.1% Mn04" loading resulted in final pH values of
«7.7, a net decrease of>0.9 pH units. The rate at which the pH dropped, however, was greatest
for the 0.1% Mn04" reactors. The general trend ofthese pH changes corresponds with the TCE
decreases observed (Figure 63). Thus, the pH decreases appear to be directly related to the
oxidation of the TCE in the reactors.
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Table 39. TCE MassBalance for ORNLExp. 4b-Rl (TSF-05 GW).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 6.4 6.4 0.000

0%

5.5

87%

0.9

14%

NA

NA

6.4

101%

Control (#2) 7.1 7.1 0.000

0%

5.9

83%

0.8

12%

NA

NA

6.7

95%

0.01% (#1) 7.2 7.2 0.000

0%

0.00

0%

0.2

2%

6.9

96%

7.0

98%

0.01% (#2) 7.5 7.5 0.000

0%

0.00

0%

0.2

2%

7.3

97%

7.4

99%

0.1% (#1) 6.9 6.9 0.000

0%

0.00

0%

0.1

2%

6.9

100%

7.0

101%

0.1% (#2) 6.9 6.9 0.000

0%

0.00

0%

0.1

2%

6.9

99%

7.0

101%

Table 40. Mn04" Consumption Data for ORNL Exp. 4b-Rl (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 51.2 0.10 37.37 0.08

0.01% (#2) 51.2 0.10 37.63 0.07

0.1% (#1) 511.5 1.01 303.72 0.60

0.1% (#2) 511.5 1.00 293.90 0.57

a" Consumption is connputed after 24 ir reaction time.
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ORNL Exp. 4b-R2
(TSF-05 GW, No Sludge, 10,000 TCE, 0 Other, 1% and 3% Mn04")

This experiment investigated the oxidationof TSF-05 GW spiked at 10,000 ug/L TCE.
The TCE, Mn04" and pH values with time are presented in Figures 66, 67, and 68, respectively.
Tables 41 and 42 provideadditional TCE mass balance and oxidantconsumption information.
The (#1) and (#2) notations included in both the figure legends and the first column of these
tables refer to the duplicate reactors evaluated for that test condition.

This experiment wasperformed without significant deviations fromthe testplan procedure.

Afterequilibration, the average initial aqueous TCE concentration of the spike solution was
12,426 ug/L (c= 1,470 ug/L). After transfer to the test reactors the groundwater TCE
concentration ranged between 8,900 and 12,200 ug/L (T=0 aliquots) prior to the start of the
oxidation reactions. While a part of this wide variability may be due to human error in
performing sample dilutions, some TCE was likely lost during transfer of the spiked GW to the
test reactors.

TCE was not detected in thedesorption tube extracts. TCE recoveries for the control samples
were only 82% and 92%. The majority of this TCE loss occurred between the T=0 hrs and
T=0.5 hrs sampling periods, whenthe TCE concentrations dropped from «12,000 ug/L to
-10,000 ug/L.

FromFigure 66, the rate of disappearance of TCEfromthe treatment reactors significantly
exceeded the rate of TCE lossfromthe control reactors. Thus, oxidation is the controlling TCE
removal mechanism for this experiment, although a small fraction of the TCE disappearance may
be due to volatilization. TCE was not detected in any of the four treatment reactors at the end of
the 24 hr reaction period. TCE recovery calculations for this experimentindicateTCE oxidation
values of 99% and total TCE recoveries of 100%. Since control reactor recoveries were low (89-
92%), one could be conservative and report the maximum TCE oxidation as 82-92%.

It is unknown whythe oxidation reaction slowed for the first 1% Mn04" reactor, but complete
TCE oxidation appears to have occurred within 2 hrs for the second 1% Mn04" reactor. Enough
data points are not available to compute a rate constant; however, the observed oxidation rate is
greater than 2.65 mg TCE/hr for the second 1% Mn04" reactor. CompleteTCE oxidation for
both3% Mn04" reactors occurred within 0.5 hrs, yielding an observed oxidation rate greater than
10 mg TCE/hr for the 3% Mn04" reactors.

As observed in the Task 3 oxidant demand experiments, not all of the initial Mn04" mass added
to each reactor was solubilized at the 0.5 hr sampling point. A maximumof 10% of the initial
oxidant was consumed in the 3% Mn04" reactors. Oxidant consumption in the 1% Mn04"
reactors varied between -5% and +5% (see Table 42). The occurrence of negative consumption
value is likely due to difficulties in performing accurate dilutions (DF« 1600) for the Mn04"
analyses. These lowconsumption values were not unexpected since there was even a residual
Mn04" concentration in the 0.01% Mn04" reactors of experiment 4b-Rl (Figure 64).
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In this experiment, thepHvalues within the treatment reactors rapidly andsignificantly changed
during the oxidation the TCE spiked GW. The 1% Mn04" reactors experienced an initial pH
decrease of «0.4pH, butthepH values then rebounded until a final netpH decrease of <0.1 pH
units was obtained. (Recall that the0.01% and 0.1% Mn04" reactors in Exp. 4b-Rl also
experienced overall pH decreases as a result of the oxidation reactions.) Incontrast, an initial pH
decrease was not observed for the 3% Mn04" reactors. Moreover, the 3% Mn04"reactors
experienced a pH increase of «0.4 pH units during the course of the reaction period. This
phenomenon may be due to the initially higherpH of the 3% Mn04" solution.

119



100,000

10,000

a
a,

a
u
H

s
o

s
a"

1,000

100

-O- - Control (#1)

•O- • 1% Mn04- (#1)
••-• 3%Mn04-(#l)

.&

-A— Control (#2)

-D— 1% Mn04- (#2)
-A— 3%Mn04-(#2)

o.

Note: "No Detection" is plotted as "1" on the Log Scale.

•4-

10 15

Reaction Time (hrs)

20

Figure 66. TCE vs. Time, TSF-05 GW, (ORNL Exp. 4b-R2, Initial TCE= 10,000 ug/L,
Conducted at 12°C)

100000

i
10000

o
s

2

1000

--0-- l%Mn04-(#l)

--•-- 3%Mn04-(#l)

Added Mn04 was likely not
completely dissolved at 0.5 hrs

_l , 1 , , 1—

10 15

Reaction Time (hrs)

• 1% Mn04- (#2)

•3% Mn04- (#2)

20

Figure 67. Mn04" vs. Time, TSF-05 GW, (ORNL Exp. 4b-R2, Initial TCE= 10,000 ug/L,
Conducted at 12°C)

120

=&-

25

25



9.50

8.00

S
a 7.50

7.00

6.50

6.00

5.50

--O--GW Control (#1)
--O-- l%Mn04-(#l)
•-•-• 3%Mn04-(#l)

10 15

Reaction Time (hrs)

•GW Control (#2)

•l%Mn04-(#2)

-3%MnQ4-(#2)

20

Figure 68. pH vs. Time, TSF-05 GW, (ORNL Exp. 4b-R2 Initial TCE= 10,000 ug/L,
Conducted at 12°C)

121

25



Table 41. TCE MassBalancefor ORNL Exp. 4b-R2 (TSF-05 GW).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 6.3 6.3 0.000

0%

4.6

73%

0.6

10%

NA

NA

5.2

82%

Control (#2) 6.0 6.0 0.000

0%

4.8

81%

0.6

11%

NA

NA

5.5

92%

1% (#1) 4.9 4.9 0.000

0%

0.00

0%

0.1

1%

4.8

99%

4.9

100%

1%(#2) 5.7 5.7 0.000

0%

0.00

0%

0.1

1%

5.6

99%

5.7

100%

3% (#1) 4.4 4.4 0.000

0%

0.00

0%

0.1

1%

4.4

99%

4.4

100%

3% (#2) 5.6 5.6 0.000

0%

0.00

0%

0.1

1%

5.5

99%

5.6

100%

Table 42. Mn04" Consumption Data for ORNLExp. 4b-R2 (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04')

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

1% (#1) 4975 10.1 -241 -0.5

1% (#2) 4967 10.1 291 0.6

3% (#1) 15065 30.6 1728 3.5

3% (#2) 15075 30.3 1066 2.1

a" Consumption is connputed after 241lr reaction time.
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ORNL Exp. 4b-R3
(TSF-05 GW, No Sludge, 100,000TCE, 0 Other,0.01% and0.1% Mn04)

This experiment investigated the oxidation of TSF-05 GW spiked at 100,000 ug/L TCE. The
TCE, Mn04" and pHvalues with time are presented inFigures 69, 70, and 71, respectively.
Tables 43 and 44 provide additional TCE mass balance and oxidant consumption information.
The (#1) and (#2) notations included in both the figure legends and the first column of these
tables refer to the duplicate reactors evaluated for that test condition.

In thisexperiment, the method used to prepare the TSF-05 spike solution differed from the
approach set forth in the testplan. Here, a smallquantity of pure phase TCE («280 uL) was
added to theTedlar bag filled with sparged GW. The approach described in the testplan
involved theuse of a saturated aqueous TCE solution rather than pure phase TCE inthe spiking
step. A 96 hr reaction time was also evaluated in this experiment, while the tests were
terminated at 24 hrs in the procedure described in the testplan.

After equilibration, the average initial aqueous TCE concentration of the spike solution was
148,400 ug/L (a= 1,020 ug/L). After transfer to the test reactors the groundwater TCE
concentration ranged between 97,500 and 107,800 ug/L (T=0 aliquots) prior to the start of the
oxidationreactions. While a part of this wide variability may be due to human error in
performing sample dilutions, some TCE was likely lost during transfer of the spiked GW to the
test reactors.

TCE was detectedin the first charcoalbed of the desorptiontubes. TCE recoveries for the
controlsamples were 115% and 116%. A closer examination of the experimental data provides
explanation to this apparent net increase in TCE. Thisexperiment was continued past 24 hrs and
the last aliquot samples werecollectedat T=96 hrs. All aqueous aliquots collected betweenT=0
hrs and T=24 hrs were extractedand analyzedon the day the 24 hr samples werecollected. The
final 96 hr aliquot sample was immediately extracted and analyzed on the day it was collected.
GC performance was well within defined limits on both analysis days (max 5% drift of
calibration check standard). The TCE values obtained for the 24 hr and 96 hr samples were both
greater than any obtained from TCE ahquots collected between 0 and 20 hrs. Thus, it is believed
that TCE was lost from the diluted 0-20 hrs GC extracts during the time elapsed between sample
collection/extraction and sampleanalysis. Computing the % recoveryof control reactors using
the data for the 0-20 hrs timeframe results in recoveries of near 95%. Total TCE recoveries for
all four (4) treatment reactors are between 100-103%.

This discrepancy resulting from sample holding times should not affect the validity of this
experiment. In fact, the discrepancy should theoretically result in conservative TCE oxidation
rates since a shorterholding time for the 24 hrs ahquots would be expected to produce a larger
TCE residual at the end of the reaction period. Hence, the calculated reaction rates are less than
the true reaction rates. It should be notedthat this sample holding time problem likelyaffected
other experiments. The effect was heightened here because of the very highTCE spike
concentrations being evaluated. Thus, this problem is not believed to have adversely affected the
results of the other experiments.
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From Figure 69, TCE concentrations initially decreased for the 0.01% Mn04"reactors, but a
residual TCE concentration was still present following the 96 hr reaction period. The slowed
TCE oxidation rate observed for the 0.01% Mn04" reactors at« 4 hrs coincides well with the
nearly total depletion of available oxidant for these reactors (Figure 70). Thus, a shortage of
available oxidant existed for the 0.01% Mn04" reactors. This behavior is different than that seen
in previous experiments, where theMn04" masses have always been in excess of that required
for TCE oxidation. While not called for in the testplan, the final treatment reactors were also
extracted and analyzed in this experiment. Thefinal TCE masses remaining in the reactors
(Table 43) were obtained from these extractions. An average of 68% of the initial TCE was
oxidized in the0.01% Mn04" reactors. Enough datapoints are not available to compute a rate
constant; however, theobserved oxidation rate during the 4 hr period is greater than 7.25 mg
TCE/hr.

Complete TCE oxidation occurred in the 0.1% Mn04" reactors within 0.5 hrs. While the reaction
proceeded too rapidly to determine a rate constant, anobserved oxidation rateof 82 mg TCE/hr
was determined for the 0.1% Mn04" reactors.

Essentially allof the initial 0.01% Mn04" was consumed during the oxidation reaction. A Mn04"
residual of approximately 1 mg/L was measured (Figure 70), but the lowest Mn04" calibration
standard was 5 mg/L. Excess Mn04"was present in the 0.1% Mn04" treatment reactors. An
average of 18% of initial 0.1% Mn04" was consumed during the oxidation of the 100,000 ug/L
spiked TSF-05 GW.

ThepH values within the treatment reactors decreased to a much greaterextent than observed for
the TSF-05 GW experiments spiked at only 10,000 ug/L (Exp. 4b-Rl). Here too, the greatest pH
decreases occurred in the 0.1% Mn04" reactors. Net pHdecreases of 1.5 and 1.8 pH units were
observed for the 0.01% and 0.1% Mn04" reactors. Since all conditions other than the initial TCE
are the same between this experiment andExp. 4b-Rl, the significant pH reductions must be a
result of the TCE oxidation reactions.

Finally, it is interesting to note from Figures 69 and70 that nearly the sameTCE and final
Mn04" consumption values would have been obtained for these particular oxidant loadings even
if a 24 hr reaction period had been evaluated instead of a 96hr reaction period. This observation
provides confidence in the use of a 24 hr reaction time in other experiments to assess TCE
oxidation.
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Table 43. TCE Mass Balance for ORNL Exp. 4b-R3 (TSF-05 GW).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 43 43 0.012

0%

39

90%

11

26%

NA

NA

50

115%

Control (#2) 43 43 0.007

0%

39

90%

11

26%

NA

NA

50

116%

0.01% (#1) 43 43 0.006

0%

10+

23 %t

4

9%

29

69%

43

101%

0.01% (#2) 43 43 0.034

0%

10f

23%r

4

9%

29

67%

43

100%

0.1% (#1) 42 42 0.015

0%

0f

0%f

1

3%

42

100%

43

103%

0.1% (#2) 39 39 0.012

0%

0f

0%f

1

2%

39

100%

40

103%

These values v̂ere obtaiiled from ex.tractions oft le post-treatment reactors.

Table 44. Mn04" Consumption Datafor ORNL Exp. 4b-R3 (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 39.6 0.10 39.42 0.10

0.01% (#2) 39.6 0.10 39.40 0.10

0.1% (#1) 396.0 0.99 73.00 0.18

0.1% (#2) 396.0 0.99 68.10 0.17

a Consumption is connputed after 96 ir reaction time.
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ORNL Exp. 4b-R4
(TSF-05 GW, No Sludge, 100,000 TCE, 0 Other, 1% and 3% Mn04")

This experiment investigated theoxidation of TSF-05 GWspiked at 100,000 ug/L TCE.
The TCE, Mn04" andpH values with timeare presented in Figures 72, 73, and74, respectively.
Tables 45 and46 provide additional TCE mass balance and oxidant consumption information.
The (#1) and (#2) notations included in both the figure legends and the first column of these
tables refer to the duplicate reactors evaluated for that test condition.

In this experiment, the methodused to prepare the TSF-05 spike solution differed from the
approach set forth in the testplan. Here, a smallquantity of pure phase TCE («280 uL) was
added to the Tedlar bag filled with sparged GW. The approach described in the testplan
involved the use of a saturated aqueous TCE solution rather than purephase TCE in the spiking
step. A 96 hr reaction time was also evaluated in this experiment, while the tests were
terminated at 24 hrs in the proceduredescribed in the testplan.

Afterequilibration, the average initial aqueous TCE concentration of the spike solution was
147,03ug/L (a= 428 ug/L). After transfer to the test reactors the groundwaterTCE
concentration rangedbetween 102,900 and 110,600 ug/L (T=0 aliquots) prior to the start of the
oxidation reactions. Whilea part of this wide variability may be due to human error in
performing sample dilutions, some TCE was likely lost during transfer of the spiked GWto the
test reactors.

As in the previous experiment involving 100,000 ug/L TCE (Exp. 4b-R3), the extractions of the
first charcoal bed of the desorption tubes contained measurable quantities of TCE. Like
Experiment 4b-R3,TCE recoveries for the control samples were greater than 100% (110% and
114%). These two experimental runs were conducted concurrently. Hence, these samples also
experienced the same discrepancy between initial and final measured TCE concentrations of the
control samples.

This discrepancy resulting from sample holding times should not affect the validity of this
experiment. In fact, the discrepancy should theoretically result in conservative TCE oxidation
rates since a shorter holding time for the 24 hrs aliquots would be expected to produce a larger
TCE residual at the end of the reaction period. Hence, the calculated reaction rates are less than
the true reaction rates. It should be noted that this sample holding time problem likely affected
other experiments. The effect was heightened here because of the very high TCE spike
concentrations being evaluated. This problem is not believed to have adversely affected the
results of the other experiments.

From Figure 72, the completeoxidationof TCE is observed in both the 1% and 3% Mn04"
reactors. Total TCE recoveries for all four (4) treatment reactors were 100%. While not called
for in the testplan, thefinal treatment reactors were also extracted and analyzed in this
experiment. These extractions also verified the absence ofTCE after 96 hrs. Enough TCE data
points are not available to compute rate constants; however, the observed oxidation rates are
greater than 88 and 84 mg TCE/hr for the 1% and 3% Mn04" reactors, respectively.
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While all of the initial 100,000 ug/L TCE was oxidized inthis experiment, very little oxidant
was consumed in the process (Figure 73). Less than 2% of the initial Mn04" mass was consumed
for either initial oxidant loading.

The pH values within the treatment reactors decreased significantly during the reaction period.
The greatest pH decreases occurred in the 1%Mn04" reactors. Net pH decreases of 1.6 and 1.0
pH units were observed for the 1% and 3% Mn04" reactors, respectively. The pH decreases were
less in magnitude than those observed in Exp. 4b-R3 where 0.01% and 0.1% Mn04" loadings
were evaluated atthe same nominal TCE concentration. This effect is likely a result of the
greater ionic strength ofthe 1% and 3% residual oxidant solutions when compared to the 0.01%
and 0.1% Mn04" solutions. This also explains why thenet pHdecrease observed for the3%
Mn04" reactors was less than that for the 1% Mn04" reactors.

Finally, it is interesting to note from Figures 72 and 73 that nearly the same TCE and final
Mn04" consumption values would have been obtained for these particular oxidant loadings even
if a 24 hr, ratherthana 96 hr, reaction period had beenevaluated.
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Table 45. TCE Mass Balancefor ORNLExp. 4b-R4 (TSF-05 GW).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 43 43 0.027

0%

36

84%

11

26%

NA

NA

47

110%

Control (#2) 43 43 0.005

0%

38

88%

11

26%

NA

NA

49

114%

1% (#1) 44 44 0.008

0%

0

0%

1

3%

43

97%

44

100%

1% (#2) 43 43 0.001

0%

0

0%

1

3%

42

97%

43

100%

3% (#1) 43 43 0.004

0%

0

0%

1

3%

42

97%

43

100%

3% (#2) 41 41 0.008

0%

0

0%

1

3%

40

97%

41

100%

These values \vere obtaiitied from e>[tractions of the post-treatment reactors.

Table 46. Mn04" Consumption Datafor ORNL Exp. 4b-R4 (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

1% (#1) 3977 10.2 83 0.2

1% (#2) 3977 10.2 51 0.1

3% (#1) 12051 30.9 149 0.4

3% (#2) 12051 30.9 149 0.4

Consumption is connputed after 96 ir reaction time.
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ORNL Exp. 4b-R5
(TSF-05 GW, No Sludge, 100,000 TCE, 10,000 Other, 0.01% and0.1% Mn04")

This experiment investigated the oxidation ofTSF-05 GW spiked at 100,000 ug/L TCE. Inthis
experiment, TSF-05 GW was also spiked withother VOCs (co-contaminants). In addition to
TCE, the groundwaterwas also spiked with 1,1-DCE; trans-1,2 DCE; and cis-1,2 DCE at a
nominal concentration of 10,000 ug/L of eachcompound. Otherwise, the test conditions
evaluated in thisexperiment were to be the same as those studied inExperiment 4b-R3.

Plots ofTCE; 1,1-DCE; trans-1,2 DCE; and cis-1,2 DCE with time are presented inFigures 75,
76, 77, and 78, respectively. Plots of Mn04" and pH values with time are presented inFigures 79
and 80, respectively. Tables 47 and 48 provide additional TCE mass balance and oxidant
consumption information. The (#1) and (#2) notations included in both thefigure legends and
the first columnof these tables refer to the duplicate reactors evaluated for that test condition.
Mass balance tables were not prepared for the co-contaminants since the intent of the experiment
was to determine whether the presence of these compounds affected the overall TCE oxidation
characteristics.

In this experiment, the method used to prepare the TSF-05 spikesolution differed from the
approach set forth in the testplan. Here, a small quantity of pure phase TCE («200 uL) was
added to the Tedlar bag filled with sparged GW. The approach described in the testplan
involved the use ofa saturated aqueous TCE solution rather than pure phase TCE inthe spiking
step. The co-contaminants were also added to the Tedlar bag in the same manner.

The GC used in the TCE analyses for this co-contaminants experiment was different than the one
used for allother treatment experiments. The instrument wasproperly calibrated, but the MDL
was 10 ug/L ratherthan the 5 ug/L obtained using the other instrument. A very small amount of
TCEwas detected in the analysis of the QA/QC solvent blank, which wasran between every 10
or 11 samples. The TCE concentrations determined for the QA/QC blank rangedbetween 0.2 to
6 ug/L. The peak area counts for these analyses were much less than that of the lowest
calibration standard (10 ug/L). While these small TCEquantities in the blank sample may be a
result of sample carryover, it its not expected to affect the validity of the data. The sequence for
the analyses was such that allT=0samples were analyzed before T=0.5 samples were analyzed,
and so forth.

After equilibration, the average initial aqueous TCE concentration of the spike solution was
18,800 ug/L (o= 1,580 ug/L). After transfer to the test reactors, the groundwaterTCE
concentration ranged between 19,340 and 30,580 ug/L (T=0 aliquots) prior to the start of the
oxidation reactions. Although an overnight equilibration (at 12°C) of the spike solution was
performed, it is apparent that the pure phase TCE added to the Tedlar bag was not equilibrated
long enough before distribution into the test reactors. The initial TCE concentrations of the 0.1%
Mn04" reactors were greater than those of the control and 0.01% Mn04" reactors. This result
makes sense if the water in the Tedlar bag was not well mixed before distribution into the
reactors. Beingthe last reactors to be filled, the 0.1% Mn04" reactors may have receiveda
higher amount of TCE than the other reactors. This problem was not considered detrimental
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since the aqueous T=0 hrs TCE concentrations, which are used in the mass balance
computations, were determined for each reactor.

TCE recoveries for the control samples were 110% and 105%, suggesting that little TCE was lost
to volatilization. The >100% TCE recoveries in the control werecomputed because the aqueous
TCE concentrations at T=24 hrs were greaterthan those at T=0 hrs. Thisphenomenon is either
due to (1) the sample holding time effect as noted in Exps. 4b-R3 and 4b-R4 or (2) the
occurrence of further TCE spike equilibration (i.e., solubilization of pure phase TCE) duringthe
course of the reaction period. A very small quantity of TCE was detected in the charcoal
desorption tubes for the control reactors and the first 0.01% Mn04" reactor. (The concentrations
were significantly less than the MDL and perhaps a result of samplecarryover between analyses
as discussed above.) TCE recoveries for the four treatment reactors ranged between 100-102%.

As in other experiments, TCE oxidationof greater than an order of magnitude was initially
observed. From Figure75, however, it appears that all of the TCE was not completely oxidized
from the 0.01% Mn04" reactors, eventhough a residual Mn04" concentration existed (Figure 79).
This is the first experiment in which both a residual TCE and Mn04" concentration existed at the
end of the reaction period. These residual TCE concentrations («20-l 10 ug/L at 24 hrs) are
believed to be "real" and not a result of instrument performance or solvent contamination since
the residual concentrations observedhere are much greater than the 10 ug/L MDL. Hence, it is
possible that the presence of the co-contaminants slowed and/or halted the TCE oxidation
reaction.

The aqueousTCE data betweenT=0 and T=3 hrs was used to compute the reaction rate for the
initial, rapid step of the oxidation reaction in the 0.01% Mn04" reactors. The aqueous TCE data
were plotted in Figure 81 and Figure 82 as ln(C/C0) vs. Time for the first and second 0.01%
reactors, respectively. These linear regressions resulted in first order rate constants of
&= 1.66 hr"1 and 1.55 hr"1. While the fit ofthe data to afirst order rate model may not be optimal,
attempts to evaluateother rate models were not made since the mechanisms occurring in such a
complex system are not known.

While a residual TCE concentration was measured for the 0.1% Mn04" reactors, the values
obtained are less than that of the lowestcalibration standard. Hence, it is very possible that the
observed TCE concentrations are not "real". It appears that nearly complete TCE oxidation
occurred in the 0.1% Mn04" reactorsat T= 2 hrs. (This value was determined by extrapolating
the initially rapid portion of the curve in Figure 75 to a concentration of 1.0 ug/L TCE.) Enough
data points are not available to compute a rate constant. However, if one assumes nearly
complete TCE oxidation within 2 hrs, an oxidation rate greater than 7.7 mg TCE/hr is obtained
for the 0.1% Mn04" reactors. Note that complete oxidation occurred within 0.5 hrs for all the
otherTSF-05 GWexperiments having a 0.1% Mn04" loading (Exps. 4b-Rl and 4b-R3). Hence,
as noted above for the 0.01% Mn04" reactors, the TCE oxidation rate observed for the 0.1%
Mn04" loading may also be affected by the presence of the VOC co-contaminants.

As suggested in the above paragraphs, the TCE oxidation rate may be affected by the presence of
the co-contaminants. The initial aqueousconcentrations (T=0 hrs) of the co-contaminants were
approximately 3,300 ug/L 1,1-DCE; 3,530 ug/L trans-1,2 DCE; and 7,400 ug/L cis-1,2 DCE.
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FromFigures 76, 77, and78, it appears that the control reactors performed effectively in
minimizing the volatilization of the co-contaminants. Thus, the rapid decreases in the co-
contaminant concentrations within the treatment reactors are due to oxidation mechanisms.
(Recall that mass balance computations were not performed on the co-contaminants) Oxidation
of 1,1-DCE occurred within 2 hrs for the 0.01% Mn04" reactors and within 0.5 hrs for the 0.1%
Mn04"reactors. Similarly, complete trans-1,2 DCE oxidation occurred within the first 0.5 hrs
after oxidant addition for both initialoxidant loadings. Finally, cis-1,2 DCE oxidationwas
completed within 3 hrsand within 0.5 hrs for the0.01% and 0.1% Mn04" reactors, respectively.

Approximately 62% of the oxidant added to the 0.01% Mn04" reactors was consumed. The rate
of oxidant consumption (Figure 79) was gradual for these treatment reactors. This trend
correlates wellwith the slowTCE oxidation rate observed in Figure75. Onlyabout 12% of the
initial Mn04" mass was consumed in the 0.1% Mn04" reactors.

The pH values within the treatment reactors decreased rapidly during the oxidationof TCE and
the co-contaminants (Figure 80). The pH of the 0.01% Mn04" reactorsreacheda final pH value
of «7.4, a net decrease of >1 pH unit. Similarly, the 0.1% Mn04" loading resulted in final pH
values of «7.2, a net decrease of >1.3 pH units. The total concentration of VOCs in this
experiment (TCE + co-contaminants) is on the order of 35,000 ug/L VOCs. Furthermore, the
magnitude of the net pH decreases observed here falls in between that measured in Experiments
4B-R1 and 4B-R3, in which the initial TCE concentrations are nominally 10,000 and 100,000
Ug/L, respectively.
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Figure 75. TCE vs. Time, TSF-05 GW, (ORNL Exp. 4b-R5, Initial Target TCE= 100,000ug/L,
Co-Contaminants = 10,000 ug/L, Conducted at 12°C)
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Figure 76. 1,1-DCE vs. Time, TSF-05 GW, (ORNL Exp. 4b-R5, Initial TargetTCE= 100,000
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Table 47. TCE Mass Balance for ORNL Exp. 4b-R5 (TSF-05 GW).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 9.5 9.5 7.2E-06

0%

9.4

99%

1.1

11%

NA

NA

10.4

110%

Control (#2) 10.1 10.1 4.6E-06

0%

9.6

94%

1.1

11%

NA

NA

10.6

105%

0.01% (#1) 10.6 10.6 4.9E-06

0%

0.00

0%

0.2

2%

10.4

98%

10.6

100%

0.01% (#2) 11.0 11.0 0.0E+00

0%

0.00

0%

0.2

2%

10.8

98%

11.0

100%

0.1% (#1) 15.4 15.4 0.0E+00

0%

0.00

0%

0.2

1%

15.6

101%

15.8

102%

0.1% (#2) 15.3 15.3 0.0E+0O

0%

0.00

0%

0.2

1%

15.5

101%

15.7

102%

Table 48. Mn04" Consumption Data for ORNLExp. 4b-R5 (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 48.7 0.10 30.7 0.06

0.01% (#2) 48.7 0.10 29.7 0.06

0.1% (#1) 487.3 0.95 60.3 0.12

0.1% (#2) 487.3 0.96 36.7 0.07

a' Consumption is contiputed after 24 lr reaction time.
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ORNL Exp. 4b-R6
(TSF-05 GW, NoSludge, 100,000 TCE, 10,000 Other, 1% and 3% Mn04")

This experiment investigated the oxidation ofTSF-05 GW spiked at 100,000 ug/L TCE. Inthis
experiment, TSF-05 GW was also spiked with other VOCs (co-contaminants). In addition to
TCE, thegroundwater was also spiked with 1,1-DCE; trans-1,2 DCE; and cis-1,2 DCE at a
nominal concentration of 10,000 ug/L eachcompound. Otherwise, the test conditions evaluated
in this experiment were tobethe same as those studied inExperiment 4b-R4.

Plots ofTCE; 1,1-DCE; trans-1,2 DCE; and cis-1,2 DCE with time are presented in Figures 83,
84, 85, and 86, respectively. Plots ofMn04" and pH values with time are presented inFigures 87
and 88, respectively. Tables49 and 50 provide additional TCE mass balance and oxidant
consumption information. The (#1) and (#2) notations included inboth the figure legends and
the first columnof these tables refer to the duplicate reactors evaluated for that test condition.
Note that mass balance tables were not prepared for the co-contaminants since the intent of the
experiment was to determine whether the presence of these compounds affected theoverall TCE
oxidation characteristics.

In this experiment, the method used to prepare the TSF-05 spike solution differed from the
approach set forth in the testplan. Here, a small quantity of purephase TCE («200 uL) was
added to the Tedlar bag filled with sparged GW. The approach described in the testplan
involved the use of a saturated aqueous TCE solution rather than pure phase TCE inthe spiking
step. The co-contaminants were also added to the Tedlar bag in the same manner.

The GC used in the TCE analyses for this co-contaminants experiment was different than the one
usedfor allother treatment experiments. The instrument wasproperly calibrated, but the
minimum detection limit was 10 ug/L rather than the 5 ug/Lobtained using theother instrument.
A very small amount of TCE was detected in the analysis of the QA/QC solventblank, which
was ran between every 10or 11 samples. This solvent blank was analyzed nine (9)times during
the course of the analytical sequence. TCE wasnotdetected in5 of these analyses. The
remaining 4 analyses of theblank resulted inTCE concentrations between <1 ug/L and 11 ug/L.
(The peak area counts for these blanks were less than that of the lowest calibration standard of 10
Ug/L.) While these small TCEquantities in the blank sample may be a result of sample
carryover, it itsnot expected to affect thevalidity of the data. The sequence for theanalyses was
suchthat allT=0 samples were analyzed before T=0.5 samples were analyzed, andso forth.

After equilibration, the average initial aqueous TCE concentration of the spike solution was
11,300 ug/L (o= 183 ug/L). After transfer to the test reactors, the groundwater TCE
concentration ranged between 11,150 and 40,840 ug/L (T=0 aliquots) prior to the start of the
oxidation reactions. Although an overnight equilibration (at 12°C) of the spike solution was
performed, it is apparent that thepure phase TCE added to theTedlar bag was notequilibrated
long enough before distribution into the test reactors. The initial TCE concentrations of the 3%
Mn04" reactors were greater than those of the control and 1% Mn04" reactors. This result makes
sense if the water in the Tedlar bag was not well mixed before distribution into the reactors.
Being the last reactors to be filled, the 3% Mn04" reactors may have received a higher amount of
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TCE than the other reactors. This problem was not considered detrimental since the aqueous
T=0 hrs TCE concentrations, which are used in the mass balance computations, were determined
for each reactor.

TCE recoveries for the control samples were 97% and 104%, suggesting that little TCE was lost
to volatilization. The >100% TCE recovery for the first control reactor was obtained because the
aqueous TCE concentration at T=24 hrs was greater than that at T=0 hrs. This phenomenon is
either due to (1) the sample holding time effect as noted in Exps. 4b-R3 and 4b-R4 or (2) the
occurrence of further TCE spike equilibration (i.e., solubilization of pure phase TCE) during the
course of the reaction period. A very small quantity of TCE was detected in the charcoal
desorption tubes for most of the test reactors in this experiment. (The concentrations were
significantly less than the minimum TCE detection limit and perhaps a result of sample carryover
between analyses as discussed above.) TCE recoveries for the four treatment reactors were
essentially 100%.

As in other experiments, TCE oxidation of greater than an order of magnitude was initially
observed. From Figure 83, however, it appears that all of the TCE was not completely oxidized
from the 1% and 3% Mn04" reactors, even though a residual Mn04" concentration existed for
both oxidant loadings (Figure 87). Note however that all of the values obtained after T=0.5 hrs
were less than that of the lowest calibration standard. Hence, it is very possible that these
residual TCE concentrations are not "real". In fact, It appears that TCE was effectively oxidized
in both the 1% and 3% Mn04" reactors within the first 1 hr. (This value was determined by
extrapolating the initially rapid portion of the curves in Figure 83 to a concentration of 0.1 ug/L
TCE.) Thus, these are not enough data points available to compute a rate constant. However, if
one assumes nearly complete TCE oxidation within 1 hr, oxidation rates greater than 6.9 and
17.4 mg TCE/hr are obtained for the 1% and 3% Mn04" reactors, respectively. Note that
complete oxidation occurred within 0.5 hrs for all the other TSF-05 GW experiments with a 3%
Mn04" loading (Exps. 4b-Rl and 4b-R3). Hence, the TCE oxidation rates observed here (at least
for the 3% Mn04" loading) may be affected by the presence of the VOC co-contaminants.

As suggested in the above paragraphs, the TCE oxidation rate may be affected by the presence of
the co-contaminants. The initial aqueous concentrations (T=0 hrs) of the co-contaminants were
approximately 15,600 ug/L 1,1-DCE; 16,750 ug/L trans-1,2 DCE; and 11,150 ug/L cis-1,2 DCE.
From Figures 84, 85, and 86 it appears that the control reactors performed effectively in
minimizing the volatilization of the co-contaminants. Thus, the rapid decreases in the co-
contaminant concentrations within the treatment reactors are due to oxidation mechanisms.

(Recall that mass balance computations were not performed on the co-contaminants) Oxidation
of all the co-contaminants occurred within 0.5 hrs for both the 1% and 3% Mn04" reactors.

As observed elsewhere for the nominal 1% and 3% oxidant loadings, the Mn04" added (as
crystalline KMn04) to the treatment reactors did not readily dissolve (Figure 87). However, an
overall 2-4% net decrease in amount of oxidantpresent at the end of the reaction period was
observed for the 1% Mn04" reactors. About 23% of the initial Mn04" mass was consumed in the
3% Mn04" reactors.
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The pH values within the treatment reactors decreased rapidly during the oxidation of TCE and
the co-contaminants (Figure 88). The greatest pH decreases occurred in the 1% Mn04" reactors.
As discussed previously, this effect is likely a result of the greater ionic strength of the 3%
oxidant solutions. The pH of the 1%Mn04" reactors reached a final pH value of «7.3, a net
decrease of >1.2 pH units. The 3% Mn04" loading resulted in an average final pH values of
«7.5, a net decrease of >1 pH unit. The total concentration of VOCs in this experiment (TCE +
co-contaminants) is on the order of 54,000 ug/L VOCs. The magnitude of the net pH decreases
observed here are similar to those observed in Experiment 4B-R4, where the initial TCE
concentrations were also nominally 100,000 ug/L (but with no co-contaminants).
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Table 49. TCEMass Balance for ORNL Exp. 4b-R6 (TSF-05 GW).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 5.8 5.8 2.8E-06

0%

5.1

87%

0.6

10%

NA

NA

5.6

97%

Control (#2) 5.4 5.4 3.2E-06

0%

5.0

93%

0.6

11%

NA

NA

5.6

104%

1% (#1) 6.8 6.8 3.8E-06

0%

0.00

0%

0.1

1%

6.7

98%

6.8

100%

1%(#2) 6.9 6.9 2.6E-05

0%

0.00

0%

0.1

1%

6.8

99%

6.9

100%

3% (#1) 19.5 19.5 1.3E-04

0%

0.00

0%

0.3

1%

19.2

99%

19.5

100%

3% (#2) 15.3 15.3 0.0E+00

0%

0.00

0%

0.2

1%

15.1

99%

15.3

100%

Table 50. Mn04" Consumption Data for ORNL Exp. 4b-R6 (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

1% (#1) 4974 10.5 213 0.4

1% (#2) 4978 10.3 90 0.2

3% (#1) 15065 32.1 3693 7.9

3% (#2) 15066 31.8 3226 6.8

a' Consumption is connputed after 24 ir reaction time.
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ORNL Exp. 4b-R7
(TSF-05 GW, No Sludge, DNAPL TCE, 0 Other, 0.01% and 0.1% Mn04")

This experiment investigated the oxidation of TSF-05 GW spiked at DNAPL TCE Levels; i.e.,
the groundwater was spiked at «2xl06 ug/L TCE so that a saturated aqueous solution was
created.

The TCE, Mn04" and pH values with time are presented in Figures 89, 90, and 91, respectively.
Tables 51 and 52 provide additional TCE mass balanceand oxidant consumption information.
The (#1) and (#2) notations included in both the figure legends and the first column of these
tables refer to the duplicate reactors evaluated for that test condition. Note that some of the
columns in the mass balance table were computed differently than the method described at the
beginning of Section 2.4.3. The deviations to this computational approach are clearlydefined in
the upcoming discussion of this experiment.

As presented in the testplan, a single TCE spiking solution could not be made and then
subsequently distributed among the test reactors for the DNAPL experiments. Instead, a known
mass (gravimetric determination) of pure TCE was added directly to each reactor and allowed to
equilibrate at 12°C. Since the initial target TCE concentration (2xl06 ug/L) was approximately
twice the aqueous solubility ofTCE (l,xl06 ug/L @20°C), a non-aqueous TCE phase (i.e.,
DNAPL) wasexpected to exist within each reactor. At the T=0 hr time period, the aqueous TCE
concentrations were indeed indicative of TCE saturation (average= 1,065,000 ug/L, c= 24, 700
Ug/L). Due to the spiking approachused, the reactorscould potentially have very different initial
TCE masses. There was no means of obtaining the total TCE mass in each reactorfollowing
equilibration (ie, at the T=0 hrs sampling period). Thus, the gravimetric spiking data was used to
compute the total initial TCE mass present in each reactor with the gross assumption that no TCE
was volatilized during equilibration (Table 51, Column 2).

A reaction period of 96 hrs wasevaluated for this experiment rather than the 24 hr periodcalled
for in the testplan procedure.

To accurately compute the TCE recoveries for the control and treatment reactors, each reactor
should have been extracted at the end of the reaction period. The step was unfortunately not
includedin the testplan procedure developed for this particular experiment, and the "Mass
Remaining in Reactor" column of Table 51 onlyrepresents the TCE mass present in the aqueous
phase at T=96 hrs. As a result, total TCE recoveries presented in the mass balance table also do
not account for the non-aqueous phase TCEthat might be present. (Note that the stepto extract
each reactor following treatment was properly incorporated into the test procedure prepared for
the two DNAPL experiments involving the TSF-05 GW and sludge that are discussed later.)

Although total TCE recoveries were not determined for the reactors, trends observed in the
aqueous TCE values of the control reactors suggestthat, like Experiments 4b-R3 and 4b-R4, at
least some of the variation in the aqueous TCE values is a function of the sample holding time.
As observed in Figure 89, aliquot TCE values at T=24 hrs and96 hrs, for example, are generally
greater than those obtained at T=0hrs for the control reactors. For this experiment, laboratory
notebook records indicate that all0-24 hr sample extracts were stored at 4°C for « 2-3 days
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before GC analysis. (This delay is the longest thatwas ever experienced during theentire
INEEL treatability study and is due to an analysis backlog created by the simultaneous collection
of samples from two experiments on the same day.)

Despite the time lag between sample collection and sample analysis, TCE oxidation is evident in
Figure 89. There was an initial reduction in TCE concentrations for all four of the treatment
reactors in the first 0.5 hrs of the reaction period. The magnitude of this overall reduction was
the greatest for the 0.1 %Mn04" reactors. As evidenced inFigure 90 and inTable 52, complete
consumption of Mn04" occurred within the first 0.5 hrs for both reactors. Thus, as inExperiment
4b-R3 for the 0.01% Mn04" reactors, all four treatment reactors lacked available Mn04" to allow
the oxidation reactions to continue. With all available oxidant depleted at T=0.5 hrs, it is
suspected that the observed increase in aqueous TCE is a result dissolution of additional DNAPL
into the aqueous phase.

Since all Mn04"was consumed and a surplus of TCE existed, the oxidized TCE masses obtained
in this DNAPL experiment likely represent theupper limit of oxidation thatcan be achieved by
Mn04". TheTCEoxidized mass (Table 51, Column 7) wasapproximated by computing the
change intheaqueous TCE mass observed between 0-0.5 hrs. Using this approach, anaverage
of 40 mg TCE (0.30 mMoles) and 193 mg TCE (1.47 mMoles) were oxidized in the 0.01% and
0.1% Mn04" reactors, respectively. Fromthe theoretical equation for TCE oxidation by Mn04"
given below, 2 moles of Mn04" are stochiometrically required for complete oxidation of each
mole of TCE:

2 Mn04" + C2HC13 -»2 C02 + 2 Mn02 + 2 CI" + HC1

After converting the initial oxidant masses for this experiment (in Table 52) to unitsof mMoles,
experimentally determined molar ratios of Mn04" consumed/TCE oxidized was 1.10 and 2.26 for
the 0.01% and0.1% Mn04" reactors, respectively. These molar ratios werecomputed assuming
that any Mn04" consumed by the TSF-05 GW was minimal as observed in the oxidant demand
studies (Table9). Since it is highlyunlikely that the reactions proceeded at less than
stochiometric ratio (2 molesMn04":l moleTCE) conditions, the approximate mass of TCE mass
oxidized was likely overestimated at least for the 0.01% Mn04" reactors.

Although the oxidation estimates for the non-aqueous TCE cannot be computed, observed
aqueous oxidation rates are at least 80 and 386 mg TCE/hr for the 0.01% and 0.1% Mn04"
reactors, respectively. Note that these values are minimum oxidation rates since TCE oxidized
masses used in the calculations only represent TCE oxidized from the aqueous phase.

Essentially all of the initial 0.01% and 0.1% Mn04" was consumed during the oxidation
reactions. A Mn04" residual of less than 1 mg/L was measured (Figure 90) for both cases, but it
should be noted that the lowest Mn04" calibration standardwas 5 mg/L.

Trends in pH values for these reactors were similar to those observed in Experiments 4b-Rl and
4b-R3 (Figures 65 and 71) in whichall experimental variables except for the initialTCE
concentration were the same. The magnitude of the pH drop observed in theseexperiments,
however, is greatest for this DNAPLexperiment. In fact, net pH decreases of greater than 2.1
and 5.4 pH units were observed here for the 0.01% and 0.1% Mn04" reactors. Thus, the degree
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ofpH change appears to be dependent upon the initial TCE concentration present. These
significant pH changes are likely due to the large amount of H+ ions released during the
oxidation of TCE. These test reactors were also void of anysolid phase to help buffer these
changes.
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Table 51. TCE Mass Balance for ORNL Exp. 4b-R7 (TSF-05 GW). a

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)
(Aqueous)

Cum.

Mass

Removed

in Aliquots
(mg)

TCE

Oxidized

Total Mass

Recovered

(mg)

Control (#1)
798 433 0.59

0%

366

46%

119

15%

NA

NA

485

61%

Control (#2)
815 434 0.22

0%

349

43%

115

14%

NA

NA

465

57%

0.01% (#1)
807 418 0.25

0%

333

41%

95

12%

35

4%

462

57%

0.01% (#2)
795 426 2.89

0%

357

45%

99

12%

46

6%

505

64%

0.1% (#1)
806 435 2.12

0%

302

37%

73

9%

206

26%

582

72%

0.1% (#2)
808 410 4.44

1%

305

38%

73

9%

180

22%

563

70%

a Total Initial is assumed to be the actual DNAPL TCE mass added to each reactor.
Final Remaining TCE only represents the final TCE in the aqueous phase.
TCE oxidized only includes mass associated with the difference in the aqueous TCE
concentrations between 0-0.5 hrs.

Total Recovered values do not include remaining non-aqueous phase TCE

Table 52. MnQ4" Consumption Data for ORNL Exp. 4b-R7 (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 39.6 0.10 39.5 0.10

0.01% (#2) 39.6 0.10 39.5 0.10

0.1% (#1) 396.0 0.99 395.9 0.99

0.1% (#2) 396.0 0.99 395.9 0.99

a Consumption is cornputed after 96 ir reaction time.
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ORNL Exp. 4b-R8
(TSF-05 GW, No Sludge, DNAPL TCE, 0 Other, 1% and 3% Mn04")

This experiment investigated the oxidation of TSF-05 GW spiked at DNAPL TCE Levels; i.e.,
the groundwater was spiked at «2xl06 ug/L TCE so that a saturated aqueous solution was
created.

The TCE, Mn04" and pH values with timeare presented in Figures 92, 93, and 94, respectively.
Tables 53 and 54 provide additional TCE mass balance and oxidant consumption information.
The (#1) and (#2) notations included in both the figure legends and the first column of these
tables refer to the duplicate reactors evaluated for that test condition. Note that some of the
columns in the mass balance table were computed differently than the method described at the
beginning of Section 2.4.3. The deviations to this computational approach are clearly defined in
the upcoming discussion of this experiment.

As presented in the testplan, a single TCE spiking solution could not be made and then
subsequently distributed among the test reactors for the DNAPL experiments. Instead, a known
mass (gravimetric determination) of pure TCE was added directly to each reactor and allowed to
equilibrate at 12°C. Since the initial target TCE concentration (2xl06 ug/L) was «twice the
aqueous solubility of TCE, a non-aqueous TCE phase (i.e., DNAPL) was expected to exist
within each reactor. At the T=0 time period, the aqueous TCE concentrations were indeed
indicative of TCE saturation (average= 1,031,000 ug/L, a= 40,600 ug/L). Due to the spiking
approach used, the reactors could potentially have very different initial TCE masses. There was
no means of obtainingthe total TCE mass in each reactor following equilibration (i.e., at the T=0
hrs sampling period). Thus, the gravimetric spiking data was used to computethe total initial
TCEmass present in each reactor with the gross assumption that no TCE was volatilized during
equilibration (Table 53, Column 2).

A reaction periodof 96 hrs was evaluated for this experiment ratherthan the 24 hr period called
for in the testplan procedure.

To accurately compute the TCE recoveries for the control and treatment reactors, each reactor
should have beenextracted at the endof the reaction period. The step was unfortunately not
included in the testplan procedure developed for this particularexperiment, and the "Final
Remaining" column inTable 53 only represents the TCE mass present in the aqueous phase at
T=96 hrs. As a result, total TCE recoveries for thereactors also do not account for any non
aqueous phase TCE that may be present. (Note that thestep to extract each reactor following
treatment was properly incorporated into the test procedure prepared for the two DNAPL
experiments involving the TSF-05 GW and sludge that are to be discussed later.)

Although total TCE recoveries were not determined for the reactors, TCE oxidation is quite
evident in Figure 92. Here, the overall reductions in TCE concentrations for the treatment
reactors are significant and by far exceed the reductions observed for the control reactors. The
oxidation reactions occurring were robust. Laboratory observations indicated significant
pressure build up and release at the 0.5 hr aliquotsampling time for the 3% reactors. As noted in
Figure 92, the first 1% Mn04" reactor wascracked andreplaced after t= 4hrs. The contents of
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thecracked reactor were transferred into an intact reactor. Some TCE may have volatilized
during this transfer, but oxidation was likely still the primaryremoval mechanism sincethe
oxidantconsumption values presented in Table 54 are the same for both of the 1% Mn04"
reactors. Given the fact that residual oxidant was present and TCE was not detected in the 96 hr
aqueous aliquots, complete oxidation of both theaqueous and non-aqueous TCE phase is
suspected. The TCE oxidized masses presented inTable 53, Column 7 represent the maximum
TCE that could have been oxidized within a given reactor. The values were calculated by
subtracting theTCE mass present in the desorption tubes and sample aliquots from the total
initial TCE.

Furthermore, the oxidation for both oxidant loadings appears to be a 2-step process, where the
bulk of the TCE isoxidized rapidly, followed by a slower oxidation step. Due to the presence of
the non-aqueous phase inthese reactors, oxidation rate constants cannot beaccurately computed.
The mechanism controlling the oxidation of the DNAPL is not well understood. It is not known
how or when the non-aqueous phase TCE is being oxidized (e.g., is it solubilized first?). If it is
assumed that all TCE is oxidized byT=0.5 hrs, a maximum oxidation rate of 1,620 mg TCE/hr
would be obtained forboth the 1% and 3% Mn04" reactors in thisexperiment.

As evidenced in Figure93 and in Table 54, residual oxidant was stillpresent in all the treatment
reactors after the 96 hr reaction time. In fact, only 35% and 14% of the initial oxidant mass was
consumed in the 1% and 3%reactors, respectively. Nearlyall of this consumption occurred
within the first 0.5 hrs.

Trends in pH values for these reactors as similar to thoseobserved inExperiments 4b-R2 and4b-
R4 (Figures 68 and 74) in whichall experimental variables except for the initial TCE
concentration were the same. The magnitude of the pH decrease, however, is greatest for this
DNAPL experiment (>6.3 pH units). Thus, the degree of pH change again appears to be
dependent upon the initialTCE concentration present.

In TSF-05 GW experiments not involving a non-aqueous phase, the 1% and 3% Mn04" reactors
typically resulted in net pH decreases smaller is magnitude than those observed for the 0.01%
and0.1% Mn04" reactors. This was attributed to the greater ionic strength of the more
concentrated oxidant solution. This trend was not observedfor the DNAPL experiments, for the
pH decreases observed in thisexperiment were greaterthan those observed in Experiment 4b-R7.
For the high TCE concentrations evaluated in this experiment, the release of H+ ionsduring TCE
oxidation likely had a greatereffect on the systempH than did the ionic strength of the oxidant
solution.
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Figure 94. pH vs. Time, TSF-05 GW, (ORNL Exp. 4b-R8, Initial TCE= DNAPL, Conducted at
12°C)
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Table 53. TCEMass Balance for ORNL Exp. 4b-R8 (TSF-05 GW)

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)
(Aqueous)

Cum.

Mass

Removed

in Aliquots
(mg)

Max.TCE

Oxidized*
Total Mass

Recovered

(mg)

Control (#1) 812 396 0.841

0%

326

40%

109

13%

NA

NA

436

54%

Control (#2) 806 417 0.142

0%

332

41%

108

13%

NA

NA

440

55%

1% (#1) 810 404 0.000

0%

0

0%

10

1%

799t

99%

Not computed

Not computed

1% (#2) 817 411 0.032

0%

0

0%

10

1%

807*

99%

Not computed

Not computed

3% (#1) 806 404 0.013

0%

0

0%

10

1%

796f

99%

Not computed

Not computed

3% (#2) 809 442 0.033

0%

0

0%

11

1%

798f

99%

Not computed

Not computed

Total Initial is assumed to be the actual DNAPL TCE mass added to each reactor.
Final Remaining TCE only represents the final TCE inthe aqueous phase.

f Max. TCE Oxidized= Total Initial-Orbo Tube-Cum. Aliquot.

Table 54. Mn04" Consumption Data for ORNL Exp. 4b-R8 (TSF-05 GW).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

1% (#1) 4017 10.3 1421 3.6

1% (#2) 4017 10.3 1421 3.6

3% (#1) 12051 30.9 1649 4.2

3% (#2) 12051 30.9 1680 4.3

Consumption is connputed after 96 ir reaction time.
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Summary- VOC Oxidation Rate Measurements, Hot Spot Groundwater

This set ofexperiments measured the rate ofTCE oxidation ingroundwater from thehot spot.
The concentrations of TCE usedin theseexperiments are higher than those used in the 'dissolved
plume' experiments, reflecting the higher in situ TCE concentrations in thehot spot. The Mn04"
concentrations used were also higher in the 'hot spot'experiments due to the greateroxidant
demandof hot spot mediaand the potentially higher oxidant concentrations neededto achieve
rapid and complete oxidation of the higher TCE concentrations.

• Permanganate concentrations ranged from0.01% (100 mg/L) to 3% (30 g/L), which is close
to the solubility limit for potassium permanganate at groundwater temperature. TCE
concentrations ranged from approximately 10,000 pg/Lto approximately 1,000,000 ug/L;
TCE was present as a non-aqueous phase liquid at the highest concentrations. The nominal
TCE and oxidantconcentrations and the associated experiment identification number are
tabulated below in Table 55.

Table 55. Experimental Identification for Hot Spot Groundwater Experiments.

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000*
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)
0.01% 4bRl 4bR5 4bR3 4bR7

0.1 % 4bRl 4bR5 4bR3 4bR7

1 % 4bR2 4bR6 4bR4 4bR8

3% 4bR2 4bR6 4bR4 4bR8

• Most experiments were performed with TCE as the only VOC, but a few included DCE
isomers as well to evaluate the effect of co-contaminants on the rate of TCE oxidation.

• Similar to the observations from the dissolved plume media experiments, concentrations of
TCE and DCE isomers remained constant in reactors without permanganate, and generally
declined rapidly to less than MDLs if a sufficient mass of permanganate was present. This
again demonstrates that oxidation of TCE and DCE isomers by Mn04"is the predominant
mechanism whereby these VOCs were destroyed.

• Cases in which TCE concentrations did not decline to less than MDLs can be attributed to

insufficient Mn04" to oxidize the mass of TCE present; to the presence TCE as a non
aqueous phase liquid in the reactor; and to analytical problems caused by contamination of
the hexane used for extracting samples prior to analysis. Even in reactors in which there was
insufficient Mn04" for all of the TCE to be oxidized, oxidation was rapid until the Mn04-
was depleted.

• In several cases, insufficient Mn04"was added and TCE concentrations remained high.
Initial and final Mn04" concentrations for this experimental series is presented in Tables 56
and 57, respectively.
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Table 56. Initial Mn04"Concentrations for the Hot Spot Groundwater Experiments.'

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000+
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/D

0.01% 102 99 101 101

0.1 % 1008 956 989 990

1% 10,120 10,380 10,200 10,300

3% 30,475 31,900 30,900 30,900

Values are the average of 2 test reactors (mg/L Mn04"). All samples filtered (0.45 [im)
prior to analysis

* With DCE isomers as co-contaminants

Table 57. Final Mn04" Concentrations for the Hot Spot Groundwater Experiments.a

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000*
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)

0.01% 27 38 1.1 U 0.3 U

0.1 % 419 861 804 0.2 U

1 % 10,070 10,105 10,145 6,420

3% 27,650 24,580 30,160 26,400

Values are the average of 2 test reactors (mg/L Mn04"). All samples filtered (0.45 pm)
prior to analysis.

* With DCE isomers as co-contaminants
A value followed by "U" represents cases where the measured concentration is less than
the MDL.

The initial concentration of TCE varied between different experiments that were intended to
have the same initial concentration. In most cases, the actual initial concentrations were
close to the intended concentrations. However, in the experiments with DCE isomers as co-
contaminants, the initial TCE concentrations (Table 58) were only 11-41 percent of the
intended concentration.
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Table 58. Initial Aqueous TCE Concentrations for the Hot Spot Groundwater Experiments.

Nominal

Mn04"
Concentration

0.01%

0.1 %

1 %

3%

10,000

(Ug/L)

14,525

13,775

10,590

9,990

Nominal TCE Concentration

100,000*
(Ug/L)

21,680

30,500

14,020

36,300

100,000

(Ug/L)

106,540

100,810

109,395

104,970

1,000,000**
(Ug/L)

1,054,500

1,056,500

1,017,500

1,057,600
a- Values are the average of2 test reactors (ug/L TCE).

With DCE isomers as co-contaminants
** Estimated Concentration

TCE oxidation generally proceeded rapidly. Inmany cases, oxidation was essentially complete
when the first or second sample was collected, and thus there is insufficient data resolution to
determine reaction rate parameter values, suchas first order rate constants. In this case, a zero
order reaction rate was estimated by assuming that the TCE concentration declined to zero when
thefirst or second sample was collected. If there were two or more values greater than theMDL,
a first order rate constant was determined. The final TCE concentrations are tabulated in Table
59, and thepercentage of the initial mass ofTCE oxidized and removed by sampling is shown in
Table 60.

Table 59. Final Aqueous TCE Concentrations for theHot Spot Groundwater Experiments.

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000*
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L) '
0.01% 277 165,25 37,440 952,400**
0.1% 204 3U ND 573,820**
1% ND 2U, 11 U ND ND

3% ND 1U ND ND

t

tt

Values are the average of 2 test reactors (ug/L TCE).
ND= Not Detected.

A value followed by "U" represents cases where the measured concentration is less than
the MDL.

With DCE isomers as co-contaminants

Final Value at T= 0.5 hrs rather than T= 24 hrs.
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Table 60. Percentage of Initial TCE Mass Oxidized and Removed via Sampling.

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000*
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)

0.01% 98 100 77 17**

0.1 % 101 102 102 33**

1 % 100 100 100 100

3% 100 100 100 100

Values are the average of 2 test reactors (wt%).
* With DCE isomers as co-contaminants
** Final Value at T= 0.5 hrs rather thanT= 24 hrs.

Observed zero order reaction rates for TCE destruction are presented below in Table 61 on the
basisof mass of TCE per unit time per reactor and in Table62 on the basisof mass of TCE per
unit time per liter. Trends in the pH values of the test reactors are presented in Table 63.
Finally, the entire series of hot spot groundwater experiments (Tables 55 through 63) are
summarized in Table 64.

Table 61. Observed Minimum Zero Order TCE Destruction Rates
Spot Groundwater. a"

Per Reactor Basis, Hot

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000*
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)

0.01% 0.51 5.01 7.32 802

0.1 % 13.81 7.7 82 3862
1 % 2.7 6.9 88 1,628

3% 10.0 17.4 84 1,616
Values are the average of 2 test reactors (mg TCE/hr per reactor). Computed by dividing the
Average Initial TCE Mass present in each reactor by the earliest aliquot sampling time at
whichTCE was not detected. Each reactor contained nominally400 mL. See AppendixC
for actual GW masses in each reactor.

With DCE isomers as co-contaminants

Possibly affected bycontamination of hexane usedfor extracting samples.
Mn04" depleted before TCE oxidized. Rate Estimated fromperiod whileMn04" was present.

162



Table 62. Observed Minimum Zero Order TCE Destruction Rates -Per Unit VolumeBasis, Hot
Spot Groundwater. a

t

tt

1

2

Nominal

Mn04"

Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000**
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)

0.01% l1 101* 182 2002

0.1 % 271 15 200 9402

1 % 5 14 220 4,100
3% 20 36 210 4,040

Values are theaverage of 2 test reactors (mg TCE/L/hour). Values were computed by
dividing the Average Initial TCE Mass present ineach reactor byboth (1) theearliest aliquot
sampling time (hrs) at which TCE was not detected and (2) the average initial liquid volume
in the reactor (GW and Mn04" stock solution, when applicable).
A corresponding first order rate constant is included in Table 64 for this test case.
With DCE isomers as co-contaminants

Possiblyaffectedby contamination of hexane used for extracting samples.
Mn04" depleted before TCE oxidized. Rate Estimated fromperiodwhile Mn04" was present.

Table 63. ObservedpH Trends in the Hot Spot Groundwater Experiments.

Nominal

Mn04"

Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000*
(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)

0.01% -0.8 -1.0 -1.5 -2.1

0.1% -0.9 -0.3 -1.8 -5.4

1 % -0.1 -1.2 -1.6 -6.3

3% +0.4 -1.0 -1.0 -6.3

pH Trends are the average of 2 test reactors
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Table 64. Summary of the Hot Spot Groundwater Oxidation Rate Experiments.
ORNL

Exp.
No.

Nominal

Initial

TCE

(Ug/L)

Avg.
Initial

TCE

Mass

(mg)

TCE Oxidation

Observed Rates

(mg TCE/hr-Reactor
Contents)*

Initial

Mn04"
(wt%)

Max. Mn04"
Consumed

(mg Mn047g)

pH Trends

4b-Rl

10,000
7.4 Complete1 («15 hrs)

Obs. Rate >0.5

0.01% 0.08 >0.8 Net

Decrease

6.9 Complete1 («0.5 hrs)
Obs. Rate > 13.8

0.1% 0.6 >0.9 Net

Decrease

4b-R2

10,000
5.3 Complete (<2 hrs)

Obs. Rate > 2.65

1% 0.6 O.lNet

Decrease

5.0 Complete (<0.5 hrs)
Obs. Rate > 10.0

3% 3.5 * 0.4 Net

Increase
4b-R3

100,000
43 Incomplete

(68% oxidized)4
Obs. Rate > 7.25

0.01% 0.1 >1.5Net

Decrease

41 Complete (<0.5 hrs)
Obs. Rate > 82

0.1% 0.2 >1.8Net

Decrease

4b-R4

100,000
44 Complete (0.5 hrs)

Obs. Rate > 88

1% 0.2 > 1.6 Net

Decrease

42 Complete (0.5 hrs)
Obs. Rate > 84

3% 0.4 > 1.0 Net

Decrease

4b-R5 100,000

& Other

VOCs2

10.8 Complete1 (»5 hrs)
Avg k= 1.66 hr1

0.01% 0.06 >1.0 Net

Decrease
15.4 Complete <2 hrs)1

Obs. Rate > 7.7

0.1% 0.12 > 1.3 Net

Decrease

4b-R6 100,000
& Other

VOCs2

6.9 Complete (<1 hr)l

Obs. Rate > 6.9

1% 0.4 > 1.2 Net

Decrease

17.4 Complete (<1 hr)l
Obs. Rate> 17.4

3% 7.9 > 1.0 Net

Decrease

4b-R7

DNAPL3
800 Incomplete

(*5% Oxidized)4
Obs. Rate > 805

0.01% 0.1 > 2.1 Net

Decrease

807 Incomplete
(*24% Oxidized)4
Obs. Rate > 3865

0.1% 1.0 >5.4 Net

Decrease

4b-R8

DNAPL3
814 Complete (0.5 hrs)l

Obs. Rate > 1628

1% 3.6 > 6.3 Net

Decrease

808 Complete (0.5 hrs)1
Obs. Rate > 1616

3% 4.3 > 6.3 Net

Decrease

For footnotes, see next page.
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f Observed Oxidation Rate= (Total Initial mg TCE)/(X hrs-Reactor Contents); Where X
represents the earliest sampling time at which TCE was not detected in the aqueous aliquot.
Where available, the predicted first order reaction rate constant, k, is presented.
"Reactor Contents" are nominally 400 mLTCE-spiked GW. See Appendix C for actual GW
mass in each reactor.

1 It is assumed thatthe reactions were essentially completed at this time point, even though a low
residual TCE concentration was present. The reported values are estimates.
Co-contaminants also present at approximately 10,000 ppb each.

3"DNAPL" equates to an aqueous concentration of2x 106 pg/L TCE.
Oxidant depleted before all TCE could be oxidized.
A conservative value which does take account for any non-aqueous TCE whichwas oxidized.

There is a general trend of increasing TCEoxidation rate with increasing Mn04"
concentration and a general trend of increasing TCE oxidation rate with increasing TCE
concentration, as observed in the dissolved plume media experiments. The observed zero
order rates ranged from >0.5 mg/hr to >1600 mg/hron per reactor basis, and from >1
mg/L/hr to >4000 mg/L/hr on a unit volume basis.

DCE isomers were rapidly oxidized by Mn04", but rates were not determined.

Evaluation of the effect of co-contaminants onthe rateof TCE oxidation is confounded by
inconsistent TCE concentrations between oxidation rate measurements with and without co-
contaminants present. Co-contaminants are an additional sink for Mn04", and therefore
Mn04' concentrations would be lower if co-contaminants were present than if they were not.
The data show that the TCE oxidation rate increases with Mn04" loading, and thus it is likely
that the presence of co-contaminants does slow the rate ofTCE oxidation. In these
experiments, TCE was rapidly oxidized with co-contaminants present, but the degree that the
presence of co-contaminants affects the rate of TCE oxidation cannot be determined from
this data set.

In general, if sufficient Mn04" was present, TCE concentrations rapidly declined to
approximately the MDL.

Production ofET during oxidation ofTCE causes the pH to decline. However, pH increased
by 0.4 units in one experiment; this observation is problematic. In other experiments, the pH
decline is generally greater with larger initial concentrations of TCE, presumably due to a
greater mass of oxidant consumed and tT produced as more TCE is available to reduce
Mn04". In the absence of a TCE non-aqueous phase, the pH shifts were on the order of 0.1 -
2 pH units. With a non-aqueous phase present, much larger pH shifts occurred (2-6 pH
units). Trends as a function of Mn04" concentration are less distinct, except where a non
aqueous phase was present. Notethat therewas not a solid phase presentto buffer the pH
change; pH changes might be smaller if buffered by a solid phase.
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2.4.4. Oxidation Rate of Organic Contaminants in Hot Spot Sludge

Six (6) separate oxidation rate experiments were performed for the hot spot sludge (TSF-05
Sludge). Each experiment is discussed below and identified by the ORNL Experiment IDs
presentedearlier in Table 7. In general, plots of 'TCE vs. Time", "Mn04" vs. Time", and "pH
vs. Time" are presented for each experiment. For all plots of TCE vs. Reaction time: any values
resulting from analyses in which the sample extract concentration was out of the GC calibration
range are clearly labeled. Note that some experiments were continued after 24 hrs. Such a
modification is clearly noted in the experimental discussions.

In addition to the plots, summary tables for the TCE and Mn04" data are also presented for each
experiment. Several parameters are included in the TCE mass balance tables (e.g., Table 65).
The approach and/or calculations made to obtain each of the values presented in the mass
balance tables are presented below. (Descriptions of the Mn04" consumption tables are
presented at the beginning of Section 2.4.2.)

• Column 1, 'Test Conditions" refers the experimental condition. In this column "Control"
refers to reactors containing only TSF-05 GW and no oxidant. The (#1) and (#2) notations
included in parentheses refer to the duplicate reactors evaluated. The number followed by
the percentage sign is the nominal initial Mn04" concentration added to the treatment
reactors.

• Column 2, 'Total Initial Mass" refers to the TCE mass added to each reactor. For the GW

control reactors, this value is determined by the following equation: (Aqueous TCE Cone, at
T=0) x (GW Volume in the Control Reactor) Note: T=0 sampling occurred after overnight
equilibration and immediately before oxidant addition to the treatment reactors. For reactors
containing both TSF-05 GW and Sludge, the initial total TCE mass is computed by the
following equation: (Average Aqueous TCE Cone, at T=0 of the 2 GW Controls) x (GW
volume in the Slurry Reactor). It is computed in this way in the event that some TCE is
sorbed to the TSF-05 sludge at T=0.

Column3, "Initial Aqueous Mass" For all cases (with exception of DNAPL case), this value
is computed by multiplying the Aqueous TCE Cone, at T=0 for a given reactor by the
volume of GW added to that reactor. Note: The aqueous concentration at T=0 for each
reactor is used here rather than the concentration of the spiked GW before it is distributed to
the individual reactors and equilibrated. (This approacheffectively "removes" or accounts for
the any TCE lost during equilibration from the mass balance calculations performedfor the
actualoxidation reactions.) For the treatment reactorscontaining both GW and sludge,
another value is also presented in Columns 2 and 3 of the mass balance tables. This "%
Sorbed" value represents the fraction of TCE at T=0 partitioned to the sludge. It is computed
for each GW/sludge slurry via the following equation:

%Sorbed=100 x [l-(Initial Aqueous Mass/Total Initial Mass)] or 100 x [l-(Col. 3/Col. 2)]

Column 4, "Mass Sorbed on Orbo Tubes" represents the summed TCE mass found on each
charcoalbed of the reactor's desorption tube at the end of the reaction period. The TCE mass
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was obtained by extraction of charcoal beds with hexane. If TCE is detected on the
desorption tubes, it is realized that the value obtainedrepresents a minimum that was
volatilized since the entire reactor headspace volume would not pass through the desorption
tube. The values in parentheses for this column represent the percentage of the Total Initial
Mass (Column 1 of the Table) found within the Orbo Tube.

• Column 5, "Mass Remaining in Reactor" represents theTCEmass stillpresent in each
reactor following the reaction period. For thecontrol reactors, this value was computed by
the following equation: (Aqueous TCE concentrationat T=24 hrs) x (Init. GW volume-
Cum. Vol. of AliquotSamples). For treatment reactors containing a slurryof GW and
sludge, the remaining TCE mass in the reactor was obtained by extracting the entirecontents
remaining in the reactor after T=24 hrs with hexane («1:1 v/v extraction). For both cases, the
values in parentheses for this column represent the percentageof the Total Initial Mass
(column 1 of the Table) still present in the reactor.

• Column 6, "Cum. Mass Removed in Aliquots" represents the mass of TCE removed from the
reactoras a result of the aliquot sampling. In all cases, this column is computed by summing
the masses of TCE that were found in each aliquot interval for a given reactor, i.e.,
HAqueous TCE Cone, x Aliquot Volume). The values in parentheses for thiscolumn
represent the percentage of the Total Initial Mass (Column 1 of the Table) removed from the
reactor (and thereby not subjected to oxidation) during the course of the experiment.

• Column 7, "Cum. Aqueous Mass Oxidized" represents the TCE mass initially in the aqueous
phase that was considered to have been oxidized during the reaction period. The oxidized
TCE masses presented in this columnwere computedby summing the change in aqueous
TCE mass obtained for each sampling period, i.e., H[(Aq. TCE Cone. T=x - Aq. TCE
Conc.T=x+i) x GW Vol. t=x]- Thus, this approach corrects for TCE removed via previous
aliquot samplings. Again, the values in parentheses for this column represent the percentage
of the Total Initial Mass (Column 1 of the Table) believed to have been oxidized. It is
important to note that this component of the mass balance does not take into account any
TCE initially sorbed to the sludge, i.e., TCE that desorbed and was oxidized would not be
included in this column. Hence, this column represents the minimum mass oxidized.

• Column 8, 'Total Mass Recovered" is the sum of the TCE masses found in four (4) different
"compartments" at the end of the reaction period, i.e., Col. 4+Col. 5 + Col. 6 + Col. 7. The
values in parentheses for this column represent the percentage of the Total Initial Mass
(Column 1 of the Table) that was accounted for during the course of the experiment.

Also note that variation in the initial TSF-05 GW and sludge chemistry, e.g. pH values, is
expected sinceeach hot spot mediaexperiment was conductedusing a different batch of hot spot
material. (The various containers of TAN site materials received from INEEL were not
combined/mixed prior to experimentation).

NOTE: A different mass balance approach was required for the experiments involving
DNAPL phase TCE. Deviations and/or variations of the above approach are presented in
the individual results and discussion sections for those experiments.
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ORNL Exp. 4b-Rll
(TSF-05, Sludge, 10,000 TCE, 0 Other, 0.01% and0.1% Mn04")
(Replaced Exp. 4b-R9)

This experiment investigated the oxidation ofTSF-05 GW and sludge spiked at 10,000 ug/L
TCE. The TCE, Mn04" and pHvalues with time are presented in Figures 95, 96, and 97,
respectively. Tables 65 and 66 provide additional TCE mass balance and oxidant consumption
information. The (#1) and (#2) notations included in both the figure legends and the first column
of these tables refer to the duplicate reactors evaluatedfor that test condition.

No deviations were made to the testplan during the conduct of this experiment.

After equilibration, the average initial aqueous TCE concentration of the spike solution (TSF-05
GW) was 42,756 ug/L (o= 721 ug/L). After transfer to the test reactors and equilibration with
the TSF-05 sludge, the aqueous TCE concentrations in the slurries were lower than those
observed in the groundwater controls. Infact, the sludge adsorbed an average of56% of the total
initial TCE added to each treatment reactor. Final TCE recovery values of 100% and 110% were
obtained for the first and second control reactors, respectively. The first groundwater control
yielded initial and final TCE concentrations of30,900 ug/L and 32,000 ug/L, respectively.
Similarly, the initial aqueous TCE concentration for the second control reactor was 30,078 ug/L,
and the final concentration was 33,544 ug/L. The larger final TCE values are likely not a result
ofa sample holding time effect since there is no observed trend between TCE cone, and sample
collection time. Instead, the higher recovery ofthe second control appears toresult from sample
to sample variability (See data in Appendix C).

From Figure 95, the aqueous TCE concentrations ofthe treatment reactors are quickly reduced as
oxidation occurs. InFigure 96, Mn04" isquickly consumed. The Mn04" variability between 0
and 6 hrs is small when compared to the initial Mn04" concentrations that existed for each
reactor (note use of log scale). When Figures95 and 96 are examined in concert, the observed
rise in aqueous coincides with the time the oxidant isdepleted. This increase in aqueous TCE
may bedue to (1) the release of TCE from the organic sludge that was initially oxidized and/or
(2) the transfer of sludge bound TCE into the aqueous phase in order to establish equilibrium
conditions within each test reactor.

TCE was still present in the reactors following the reaction period. The TCE mass extracted
from the final reactors are presented in Table 65. Likewise, a small amount of TCE was found
onthe first charcoal bed ofeach desorption tube, indicating that some TCE was lost to
volatilization. (Although small, the amount ofTCE onthe charcoal beds of the 0.1% Mn04"
reactors was approximately three times that found onthe control and 0.01% Mn04" reactors.)
Since oxidant consumption occurred within the first 0.5 hrs ofreaction, it is plausible to assume
that TCE oxidization only occurred during the same time interval. Therefore, the mass of TCE
oxidized in Table 65, Column 7 includes only the TCE associated with the difference in aqueous
TCE concentrations between 0-0.5 hrs. Basing the oxidized TCE mass on this experimentally
determined difference yields oxidation percentages of 10-12% for the 0.01% Mn04" reactors and
20-35% for the 0.1% Mn04" reactors. The computed total TCE recoveries presented in 44,
certainly do notequate to 100%. As discussed in previous sections, some of the unrecovered
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TCE may have escaped from the reactors since the desorption tubes were notconfigured to
capture 100% of the vaporphase when theport was in the openposition (SeeSection 2.2.1). It is
also possible that complete extraction ofthe remaining GW & sludge slurry did not occur (Exp.
2b-3 inSection 2.2.2). However, the preliminary datapresented in Figure 9 indicated that at
least 90% of the starting TCE mass can beextracted from theTSF-05 slurry within 2 hrs.

As discussed inthe experiments for the dissolved plume media, the TCE oxidation component of
the mass balance does not take into account any TCE initially bound to solid phase. If the highly
organic sludge was being oxidized, it would seem plausible that TCE originally sorbed onto the
sludge could have been partitioned into the aqueous phase and subsequently oxidized.
Furthermore, it ispossible, particularly for the 0.1% Mn04" reactors, that the chosen aliquot
sampling times did nottemporally capture the exact point in time thatoxidant depletion
occurred. At the point of oxidant depletion, the reactors would have reached their lowest initial
aqueous TCE concentration before the subsequent rise in aqueous TCE concentrations due to
TCE DNAPL dissolution. (Inthe earlier experiments with TSF-05 GW, complete oxidation of
all initial TCE often occurred prior to T=0.5 hrs.) Thus, the low total TCE recoveries reported in
Table 65 may actually be due to the inabilityto quantify additional TCE oxidation that was
occurring. The computation of reaction rates was not attempted for this experiment since the use
of 0.01% and 0.1% Mn04" loadings do not adequately satisfy the oxidant demandof the TCE
contaminated sludge.

As mentioned above oxidant depletion occurred rapidly for both the 0.01% and 0.1% Mn04"
reactors. It should be noted that in Figure 96 all of the measured Mn04" concentrations after the
T=0 hrs are below that of the lowest Mn04" calibration standard (5 mg/L). Thus, anyMn04"
trends presented in Figure 96 are of little significance.

From Figure 97, there is a marked difference in the initial pH of the reactors dueto the presence
of the sludge itself. In fact, the initial pH value of the treatment reactors (before oxidant
addition) was approximately 1 pH unit less than that of the GW controls. (Slurries of the
dissolved plume media hadpH values similar to thatof TSF-05 GW) Theoverall pH values of
the test reactors increased slightly after the oxidant mass wasdepleted. Since the presence of the
sludge resulted in initial pH decreases, the observed pH increases may have beencaused by the
oxidation of the organic sludge itself.

169



100,000 t

a
a,

a
u

^V—tQ—'~0 Q- G

h 10,000
VI

3
O

S
C

< • -O- - Control (#1) —£—Control (#2)
--O--0.01%MnO4-(#l)

• -•- - 0.1% Mn04- (#1)
—O— 0.01% Mn04- (#2)

A U.1% Mi)04- (#2)

1,000 4- +•

10 15

Reaction Time (hrs)

20 25

Figure 95. TCE vs. Time, TSF-05 GW& Sludge, (ORNL Exp. 4b-Rl 1, Initial TCE=10,000
Ug/L, Conducted at 12°C, 4:1 L/S Ratio)

10000.00

1000.00

J 00.00

B

•4
O
s

10.00

1.00

0.10

0.01

a
- -O- - 0.01% Mn04- (#1)

—•—0.01% Mn04- (#2)

--•--0.1%MnO4-(#l)

M ft

•1

•

A 0.1% MnC*4- (#2)

i '•
—1*1

1 ' ""f '
-4f*~ * ♦*'

.—.—.—i—|—,—.—,—.—|—,—,—,—,—|—,—,—,—,—|—,—,—,—,—

10 15

Reaction Time (hrs)

20 25

Figure96. Mn04" vs. Time, TSF-05 GW & Sludge, (ORNL Exp. 4b-Rl 1, Initial TCE=10,000
Ug/L, Conducted at 12°C, 4:1 L/S Ratio)

170



9.0

8.5

7.5

s

7.0

6.5

6.0

5.5

-

/W-—A——ft—fit*——o —y—

•

-

--0--GW Control (#1)
--O--0.01%MnC4-(#l)
--•-- 0.1% Mn04-(#1)

—&—GW Control (#2)
—D—0.01% MnC4- (#2)
—A—0.1%MnO4-(#2)

-

1—i—i—i—|—i—.—i—,—1_—1 . 1 1 1 1 L_—-. 1 1 , 1 L_ 1

10 15

Reaction Time (hrs)

20 25

Figure 97. pH vs. Time, TSF-05 GW & Sludge, (ORNL Exp. 4b-Rl 1, InitialTCE= 10,000
Ug/L, Conducted at 12°C, 4:1 L/S Ratio)

171



Table 65. TCE Mass Balance for ORNL Exp. 4b-Rl 1 (TSF-05 GW & Sludge).a

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

TCE

Oxidized

Total Mass

Recovered

(mg)

Control (#1) 11.1 11.1 0.00

0%

8.6

78%

2.5

22%

NA

NA

11.1

100%

Control (#2) 10.9 10.9 0.00

0%

9.5

87%

2.5

23%

NA

NA

12.0

110%

0.01% (#1) 11.6 5.7 0.00

0%

8.6

75%

1.0

9%

1.4

12%

11.1

96%%Sorbed: 50%

0.01% (#2) 11.62 5.38 0.00

0%

7.2

62%

0.9

8%

1.1

10%

9.3

80%%Sorbed: 54%

0.1% (#1) 11.46 4.84 0.00

0%

4.3

38%

0.5

4%

4.0

35%

8.8

77%%Sorbed: 58%

0.1% (#2) 11.13 4.28 0.00

0%

5.4

48%

0.7

7%

2.2

20%

8.4

75%%Sorbed: 61%

a- Total Initial 1or slurries computed using the iiverage initial aiqueous TCE concent]ration of the

GW control samples (Avg= 30,491 ug/L, a=584 ug/L). For GW controls, Total Initial =Initial
Aqueous.
TCE Oxidized only includes mass associated with the difference in the aqueous TCE
concentrations between 0-0.5 hrs.

Table 66. MnQ4" Consumption Datafor ORNL Exp. 4b-Rl 1 (TSF-05 GW & Sludge).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 38.0 0.08 37.64 0.08

0.01% (#2) 38.2 0.08 37.81 0.08

0.1% (#1) 386.8 0.82 386.40 0.82

0.1% (#2) 376.8 0.83 376.34 0.83

a Consumption is connputed after 24 ir reaction time.
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ORNL Exp. 4b-R15
(TSF-05, Sludge, 10,000 TCE, 0 Other, 1% and 3% Mn04")
(Repeat of Exp. 4b-R10)

This experiment investigated theoxidation of TSF-05 GWand sludge spiked at 10,000 ug/L
TCE. The TCE, Mn04" and pH values with time are presented in Figures98, 99, and 100,
respectively. Tables 67 and 68provide additional TCE mass balance and oxidant consumption
information. The (#1) and (#2) notations included in both the figure legends and the first column
of these tables refer to the duplicate reactors evaluated for that test condition.

Thisexperiment was primarily conducted according the testplan. However, a crack was
observed in the second 1% Mn04" reactor immediately following theovernight equilibrium and
before collection of the T=0 aliquots. The contents of this reactor were quickly transferred to a
spare reactor flask but a spare stopcock adapter (Figure 3) was not available. Instead, a solid
glass stopperwas used, and its removal was required each time an aliquot sample was collected.
Therefore, losses of TCE due to volatilization may have been greater for this reactor than for the
other reactors.

After equilibration, the average initial aqueous TCE concentration of the spike solution prepared
(TSF-05 GW) was 9,180pg/L (a= 93 ug/L). After transfer to the test reactors andequilibration
with the TSF-05 sludge, the aqueous TCE concentrations in the slurries were lower than those
observed in the groundwater controls. In fact, the sludge adsorbed an average of 45% of the total
initial TCE added to each reactor. Final TCE recovery values of 93% and 94% were obtained for
the first andsecond control reactors, respectively. Closer examination of the aqueousTCE
values obtained with time for the control samplessuggestthat the <100%recovery is likely a
result of volatilization. In fact, the control reactors were the only reactors in this experiment that
had any detectable amount of TCE present on their charcoaldesorption tube beds.

From Figure 98, the aqueous TCE concentrations of the treatment reactors are quicklyreduced as
oxidation occurs. A low residual TCE concentration is present in the first 1% Mn04" reactor
throughout the remainder of the reactionperiod. This residual is likely not associatedwith any
solvent contaminationproblems during analysis since TCE was not detected in other samples
collected and analyzed at the same time. The corresponding oxidant consumption curve for this
reactor (Figure 99) indicates that «100 mg/L Mn04" residual also exists. Thus, it is unknown
why both TCE and Mn04" co-existed in this reactor. While there is no evidence to the effect, the
residual oxidant concentration may not have been great enough to drive the oxidation reaction to
completion. Examination of the mass balance components for this reactor (Table 67) revealed
that at least 58% of the initial TCE was oxidized and that 32% (0.92 mg TCE) of the initial TCE
mass was still present in the reactor after 24 hrs. Of this remaining TCE mass, a maximum of
0.002 mg was associated with the «300 mL of TSF-05 GW present following the last aliquot
sampling. Hence, essentially all of remaining TCE was associated with the sludge. Since 41%
of the initial TCE was originally adsorbed by the sludge and 32% remains, the fate of the
"missing" 9% is unknown. It may have been (1) oxidized, (2) volatilized, or (3) present in the
sludge but not measured due to the hexane extraction efficiency being <100%. The volatilization
option is supported by the comparable total recoveries obtained for the control reactors.
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It appears from figure 89, that complete oxidation also occurred for the second 1% Mn04"
reactor. Recall, however, that this reactor developed a crack during contaminant equilibration.
While the TCE mass actually present in the reactor at T=0 was likely oxidized, a good mass
balance cannot be made for this reactor since the initial total TCE in the reactor is unknown.
Very little TCE was present in the final extraction of the reactor.

The experimental data collected suggest that complete oxidation did occur for the 3% Mn04"
reactors. TCE was not detected in the aqueous aliquot samples after 0.5 hrs, and little, if any,
TCE was present in the extraction of the remaining slurry. TCE was not detected on these
sample extracts which were diluted 20 fold. Thus, the 0.04 mg TCE value presented in Table 67
is an assumed maximum (Assumed Conc.= Min. Detection Limit X 20). As discussed
previously, the TCE oxidation component of the mass balance does not take into account any
TCE initially bound to the sludge. Since TCE was not detected in the final extraction of these
test reactors and a large Mn04" residual existed, it is suspected that the unaccounted for TCE was
likely oxidized. Thus, the low total TCE recoveries reported in Table 67 for the 3% Mn04"
reactors may actually be due to the inability to quantify the additional TCE oxidation that was
occurring. Although enough data points are not available to compute a reaction rate constant, an
observed oxidation rate of approximately 5.8 mg/hr was computed for both the 1% the 3%
Mn04" reactors.

During this experiment, greater than 90% of the oxidant mass in the 1% Mn04" reactors was
consumed. Consumption of Mn04" throughout the reaction period was also observed. Since
there was little TCE oxidation beyond T=3 hrs, it is suspected that the TSF-05 sludge was the
source of the continued oxidant demand. Approximately 50% of the initial Mn04" added to the
3% Mn04" reactors was consumed during this experiment.

As observed in the other sludge experiments, there is a markeddifference in the initial pH of the
treatment reactors due to the presence of the sludge itself. Following an initial drop associated
with the oxidationreaction, the pH valueseventually increased by approximately 0.7 and 0.1 pH
units for the 1% and 3% Mn04" reactors, respectively. Other experiments involving the 1% and
3% Mn04" loadings have also resulted in similar net increases in overall system pH, which is
likely due to destruction of the organic sludge and /or the increased ionic strength impartedby
the residual oxidant solution.
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Table 67. TCE Mass Balance for ORNL Exp. 4b-R15 (TSF-05 GW & Sludge). a

Test Condition
Total

Initial

Mass

(mg)a-

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 2.9 2.9 0.000

0%

2.0

69%

0.7

24%

NA

NA

2.7

93%

Control (#2) 2.8 2.8 0.000

0%

2.1

73%

0.6

21%

NA

NA

2.6

94%

1%(#1) 2.9 1.7 0.000

0%

0.92

32%

0.05

2%

1.7

58%

2.6

91%%Sorbed: 41%

1% (#2) 2.9f 1.4 No Sample

No Sample

0.16

6%+

0.04

l%f

1.4

48%f

1.6

55%f%Sorbed: 51%f

3% (#1) 2.9 1.5 0.000

0%

0.04

1%

0.04

1%

1.5

51%

1.5

54%%Sorbed: 48%

3% (#2) 2.9 1.5 0.000

0%

0.04

1%

0.04

1%

1.5

51%

1.6

54%%Sorbed: 47%

a Total Initial 1x»r slurries computed using the ziveraee initial aiqueous TC E concent)•ation of the

GW control samples (Avg= 7,841 ug/L, a=66 ug/L). For GW controls, Total Initial =Initial
Aqueous.

! There is uncertainty in the Initial Total value due to a leak in this reactor prior to T=0 hrs.

Table 68. Mn04"Consumption Data for ORNL Exp. 4b-R15 (TSF-05 GW & Sludge).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

1%(#1) 3683 8.1 3614 8.0

1% (#2) 3630 8.1 3301 7.4

3% (#1) 11026 24.6 6574 14.7

3% (#2) 11147 24.7 5761 12.7

a Consumption is conriputed after 24 ir reaction time.
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ORNLExp. 4b-R16
(TSF-05, Sludge, 100,000 TCE, 0 Other, 0.01% and 0.1% Mn04")
(Repeat of 4b-Rll)

This experiment investigated the oxidation of TSF-05 GWand sludge spiked at 100,000 ug/L
TCE. The TCE, Mn04" and pH values with timeare presented in Figures 101, 102, and 103,
respectively. Tables 69 and70 provide additional TCE mass balance and oxidant consumption
information. The (#1) and (#2) notations included in both the figure legends and the first column
of these tables refer to the duplicate reactors evaluated for that test condition.

This experiment was conducted in accordance to the appropriate testplan procedure.

After equilibration, the average initial aqueous TCE concentration of the spike solution (TSF-05
GW) was 90,483 ug/L (c= 2,123 ug/L). After transfer to the test reactors andequilibration with
the TSF-05 sludge, the aqueous TCE concentrations in the slurries were lower than those
observed in the groundwater controls. In fact, the sludge adsorbed an average of 34% of the total
initialTCE addedto each reactor. Final TCE recoveryvaluesof only 80% and 83% were
obtained for the first and second control reactors, respectively. Closer examination of the
aqueous TCE values revealed that most of this TCE loss was experienced between the T=0 hrs
and T=0.5 hrs sampling periods. Detectable amounts of TCE were presenton the first charcoal
bed extracts for both control samples.

All of the experimental results lead to the conclusion that little of the initial TCE mass was
oxidized during the experiment. This wasnot unexpected dueto the (1) high TCE spike levels
(2) the presence of the highly organic sludge and (3) the use of the lower 0.01% and 01% Mn04"
loadings. Table 69 andFigure 101 do indicate that the higher initial oxidant loadings resulted in
the greatest amount ofTCE oxidation (16% max). It should also benoted thatthe apparent
decrease in TCE for the second 0.01% Mn04" reactor is likely because the TCE concentration
determined for the hexane extract exceeded thatof the maximum calibration standard (Figure
101).

As observed in Exp. 4b-Rl 1, aqueous TCE concentrations appeared to gradually increase
following Mn04" depletion, suggesting thatTCE might have been released into the aqueous
phase as a result of sludge oxidation. TotalTCE recoveries for the treatment reactors (88%-
97%) are muchhigher than those obtained for the GW control reactors (see Table 69). TCE was
present on most of the desorption tubes used for the treatment reactors. The largest percentage
of the initial TCE mass recovered was found in the slurry that remained following completion of
the test. To determine how much of the remaining TCE was partitioned to the sludge, the TCE
mass expected to be associated with the aqueous portion of the slurry was computed using the
concentration of the final aliquot sample. Forthe 0.01% and 0.1% Mn04" reactors, anaverage of
32% and 37% of the remaining TCE was present on the solidphase. These values are
comparable to the initial sorption values reported in Table 69.

The computation of reaction rates was not attempted for thisexperiment since the use of 0.01%
and 0.1% Mn04" loadings do not adequately satisfy the oxidant demand of the TCE
contaminated sludge.
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As mentioned above, oxidant depletion occurred rapidly for both the 0.01% and 0.1% Mn04"
reactors. It should be noted that in Figure 102 all of the measured Mn04" concentrations after the
T=0 hrs are below that of the lowestMn04" calibration standard (5 mg/L). Thus, anyMn04"
trends presented in Figure 102 are of little significance.

From Figure 103, there is again a marked difference in the initial pH of the reactors due to the
presence of the sludge itself. As observed in other hot spot sludge experiments, the overall pH
values of the treatment reactors increases of less than 0.2 and 0.4 pH unitsfor the 0.01 % and
0.1% Mn04" reactors, respectively.
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Table 69. TCE Mass Balance for ORNLExp. 4b-R16 (TSF-05 GW & Sludge).

Test Condition
Total

Initial

Mass

(mg)a-

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

Cum.

Aqueous
Mass

Oxidized

(mg)

Total Mass

Recovered

(mg)

Control (#1) 26.5 26.5 0.001

0%

15.6

59%

5.6

21%

NA

NA

21.2

80%

Control (#2) 25.4 25.4 0.001

0%

16.0

63%

5.2

20%

NA

NA

21.2

83%

0.01% (#1) 26.1 18.7 0.000

0%

20.88

80%

4.07

16%

0.5

2%

25.4

97%%Sorbed: 28%

0.01% (#2) 26.2 16.6 0.001

0%

20.28

78%

3.62

14%

-1.0

-4%

22.9

88%%Sorbed: 37%

0.1% (#1) 26.2 17.2 0.004

0%

17.08

65%

2.89

11%

4.1

16%

24.1

92%%Sorbed: 34%

0.1% (#2) 25.7 16.7 0.002

0%

19.34

75%

3.16

12%

1.6

6%

24.1

94%%Sorbed: 35%

a Total Initial 1:or slurries computed using the iiveraae initial alaueous TCE concent]ration of the

GW control samples (Avg= 71,490 ug/L, a=1.805 ug/L). For GW controls, Total Initial
=Initial Aqueous.

Table 70. Mn04" Consumption Data for ORNL Exp. 4b-R16 (TSF-05 GW % Sludge).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg MnCV /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 36.2 0.08 35.3 0.08

0.01% (#2) 36.3 0.08 35.1 0.08

0.1% (#1) 363.1 0.80 362.4 0.79

0.1% (#2) 357.1 0.80 356.3 0.79

a Consumption is connputed after 241rir reaction time.
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ORNLExp.4b-R12
(TSF-05, Sludge, 100,000 TCE, 0 Other, 1% and 3% Mn04")

This experiment investigated the oxidation ofTSF-05 GW and sludge spiked at 100,000 pg/L
TCE. The TCE, Mn04" and pH values with time are presented in Figures 104, 105, and 106,
respectively. Tables 71 and 72 provide additional TCE mass balance and oxidant consumption
information. The (#1) and (#2) notations included in both the figure legends and the first column
of these tables refer to the duplicate reactors evaluatedfor that test condition.

Significant deviations from the procedure were not noted for this experiment.

After equilibration, the average initial aqueous TCE concentration ofthe spike solution prepared
(TSF-05 GW) was 100,290 ug/L(o= 1,422 ug/L). After transfer to the test reactors and
equilibration with the TSF-05 sludge, the aqueous TCE concentrations in the slurries were lower
than those observed in the groundwater controls. In fact, the sludge adsorbed an average of35%
ofthe total initial TCE added to each reactor. Despite the presence ofTCE on the desorption
tubes, final TCE recovery values of 103% and 97% were obtained for the first and second
control reactors, respectively. Closer examination of the aqueous TCE values for thefirst control
indicate that that final aqueous TCE concentration is slightly greater than what was obtained at
the T=0 hrs. Both samples were analyzed onthe same day, and the variation may have been a
result of the sample holding times for these samples. At any rate, the control reactors indicate
that the experiment was conducted under well-controlled conditions.

From Figure 104, the control reactors exhibited steady TCE values, and the aqueous TCE
concentrations ofthe treatment reactors were quickly reduced several orders of magnitude as
oxidation occurred. Some problems were experienced inanalyzing the aliquots collected
between T=6 hrs and T=24 hrs. ATCE residual definitely existed, but itcould not be properly
quantified. The samples in questions were over diluted on the first round ofanalysis, resulting in
GC values less than that ofthe lowest calibration standard (5 ug/L TCE). When the samples
were prepared with a smaller dilution factor («24-30 hrs after the initial analysis) TCE was no
longer detected in the samples.

A small amount of TCE was also present in the final extractions of the slurry reactors. There is a
strong possibility that all of these residual TCE values are the result of a solvent contamination
problem. TCE was not detected inthe GC hexane blanks, however, the actual test samples were
collected and prepped (extracted with hexane) at RMAL, and the GC hexane blank used in the
analytical sequence originated within ESD. Basedupon observations madefromother
experiments already conducted, it seems improbable that a residual TCE concentration would
exist inthe presence of a large Mn04" residual (3% Mn04" reactors in Figure 105).

To beconservative inthecomputation of the oxidized TCE component of themass balance
(Table 71, Column 7), it was assumed that the residual TCE values observed were real. Since
excellent mass balances were obtained for the control reactors, the amount of TCE oxidized was
computed as follows: Mass TCE oxidized= (Total Initial- Orbo Tube -Final Remaining- Cum.
Aliquot). Basedon thisconservative approach, TCE oxidation valuesof 98% wereobtained for
all four of the treatment reactors.
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Since the TCE concentrations for the aliquots are likely a result of solvent contamination,
reaction rate constants were not computed. Instead, it was assumed that oxidant essentially
occurs in the first 0.5 hrs, and observed oxidation rates of 59.6 mg TCE/hr was computed for
both the 1% and 3% Mn04" reactors.

After the initial oxidant demand, the mass of Mn04" present in the 1% reactors gradually
decreased during the reaction period. It is assumed that the continued decrease in oxidant was a
result of continued oxidation and breakdown of the TSF-05 sludge. Laboratory comments
indicate a "yellowing" of the aqueous samples and hexane extracts after a 24 hr period of
contact/agitation. Final Mn04" consumption was 94% and 100% of the initial Mn04" mass added
to the first and second 1% Mn04" reactors. Note that the apparent large discrepancy between the
Mn04" data for the 1% reactor at 24 hrs (see Figure 105 ) is accentuated by the use of a semi-log
plot. Approximately 60% of the initial oxidant mass was consumed within the 3% reactors.

For these higher 1% and 3% Mn04" loadings, the overall pH (Figure 106) eventually increased
following an initial drop associated with the oxidation reaction. These net increases were less
than 0.8 and 1.1 pH units for the 1% and 3% Mn04" reactors, respectively. Other experiments
involving the 1% and 3% loadings for the hot spot sludge have also resulted in similar trend in
overall increase in system pH.
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Table 71. TCEMass Balance for ORNL Exp. 4b-R12 (TSF-05 GW& Sludge).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

TCE

Oxidized

Total Mass

Recovered

(mg)

Control (#1) 29.3 29.3 0.002

0%

22.9

78%

7.2

24%

NA

NA

30.1

103%

Control (#2) 28.7 28.7 0.001

0%

21.4

75%

6.3

22%

NA

NA

27.8

97%

1% (#1)
29.6 20.3 0.000

0%

0.15

1%

0.57

2%

28.9

98%

Not Computed

Not Computed%Sorbed: 31%

1% (#2)
29.9 20.2 0.000

0%

0.09

0%

0.56

2%

29.2

98%

Not Computed

Not Computed%Sorbed: 32%

3% (#1)
29.7 17.7 0.000

0%

0.06

0%

0.49

2%

29.2

98%

Not Computed

Not Computed%Sorbed: 41%

3% (#2)
30.0 19.1 0.000

0%

0.06

0%

0.52

2%

29.4

98%

Not Computed

Not Computed%Sorbed: 36%

a- Total Initial 1"or slurries computed using the ziverage initial aiqueous TCE concentiration of the

GW control samples (Avg= 80,565 pg/L, a=1,330 ug/L). For GW controls, Total Initial
=Initial Aqueous.
TCE oxidized= Total Initial- Orbo Tube -Final Remaining- Cum. Aliquot.

Table 72. MnQ4" ConsumptionData for ORNL Exp. 4b-R12 (TSF-05 GW & Sludge).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

1%(#1) 3660 8.1 3660 8.1

1% (#2) 3691 8.1 3461 7.6

3% (#1) 11124 24.7 7021 15.6

3% (#2) 11200 24.7 6351 14.0

a Consumption is connputed after 24 ir reaction time.
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ORNLExp. 4b-R13
(TSF-05, Sludge, DNAPL TCE, 0 Other, 0.01% and 0.1% Mn04)

Thisexperiment investigated the oxidation of TSF-05 GW and sludge spiked at DNAPL TCE
levels; i.e., the groundwater was spiked at«2xl06 \xgfL TCE so that a saturated aqueous solution
was created.

The TCE, Mn04" and pH values with time are presented in Figures 107, 108, and 109,
respectively. Tables 73 and 74 provide additional TCE mass balance and oxidant consumption
information. The (#1) and (#2) notations included in both the figure legends and the first column
of these tables refer to the duplicate reactors evaluated for that test condition. Note that some of
the columns in the mass balance table were computed differently than the method described at
the beginning of Section 2.4.4. Thedeviations to thiscomputational approach are clearly
defined in the upcoming discussion of this experiment.

As presented in the testplan, a singleTCE spiking solution could not be made and then
subsequently distributedamongthe test reactors for the DNAPL experiments. Instead, a known
mass (gravimetric determination) of pure TCE was added directly to each reactor and allowed to
equilibrate at 12°C with the TSF-05 sludge. Since the initial target TCE concentration (2xl06
|ig/L) was«twice the aqueous solubility of TCE, a non-aqueous TCE phase (i.e., DNAPL) was
expected to exist within each reactor.

The experiment was conducted according to the testplanprocedure, with the exception that the
reaction period was extended from 24 hrs to 120 hrs.

At the T=0 time period, the aqueous TCE concentrations within the six reactors were indeed
indicative of TCE saturation. The TSF-05 GWcontrols exhibited an average initial aqueous
TCE concentration of 1,312,000 ug/L(a= 32,060 (ig/L). The four treatment reactors containing
the TSF-05 sludge slurriesexperienced TCE concentrations on the order of 665,000 ng/L (o=
61,400)j.g/L) after the overnight equilibration period. Due to the spiking approach used, the
reactors could potentially have very different total initial TCE masses. There was no means of
obtaining the total initial TCE mass in each reactor following equilibration (i.e., at the T=0 hrs
sampling period). Thus, the gravimetric spiking data was used to compute the total initial TCE
mass present in each reactor with the gross assumption that no TCE was volatilized during
equilibration (Table 73, Column 2).

Usingthis approach, the data suggests that approximately 36% of the TCE initially present in the
GW controls existed as DNAPL. Similarly, 65-70% of the initial TCE within the treatment
reactors would have either been adsorbed to the sludge and/or present in the reactors as DNAPL.

Little variation in the aqueous concentration of the GWcontrol reactors was observed during the
experiment. In fact, the average aqueous TCE concentration for all of the control reactor
aliquots during the 120 hr reactiontime was 1,250,000 fig/L (a= 57, 200 ng/L). This was
expected since the presence of a DNAPL phase in the reactors enables continuous TCE
saturation of the aqueous phase. Thus, TCE losses from the control reactors could not be
obtained via simpleevaluationof the aqueous TCE concentrations with time. To accurately
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compute the TCE recoveries for the control reactors, each was extracted at the end of the
reaction period with a known volume of hexane (1:1 v/vextraction). Adding theTCE quantities
of each mass balance component listed in Table 73 yielded total TCE recoveries of 74% and
76% for the first and second TSF-05 GWcontrol reactors. It is expected that the majority of this
25% loss occurred during the overnight equilibration period when the reactors were sealedwith
the glass stoppers. (Recall that all recoveries for this DNAPL experiment are based on the initial
TCE mass added to each reactor before equilibration and rather thana valueobtained after
equilibration; i.e., the T=0hrs sampling point) This estimated 25% loss during equilibration is
comparable to that observed during equilibration of all the experiments performed during this
treatability study.

Apparent TCE oxidation during at least the early portion of the reaction period is observed in
Figure 107. As evidenced in Figure 108 and in Table 74, completeconsumption of Mn04"
occurred within the first 0.5 hrs. It is interesting to note that aqueous TCE in the treatment
reactors was initially less than aqueous saturation due to the large sorption capacity of highly
organic TSF-05 sludge. However, there was a gradual increase in aqueous TCE for the treatment
reactors to aqueous saturation levels following the rapid oxidation reaction that occurred. This
increase is attributed to (1) pure phaseTCE (not sorbed to the sludge) remaining in the reactors
beingsolubilized and/or (2) the dissolution of TCE originallysorbedonto the sludgeonce the
sludge as a result of the sludge itself being oxidized.

Since all oxidant was consumed quickly, the TCE oxidized mass presented in Table 73, Column
7 for each reactor represents the change in TCE mass associated with the difference in aqueous
TCE concentration between 0-0.5 hrs. Using this approach, essentially no TCE is removed from
the 0.01% Mn04" reactors, and approximately 50-100 mg of TCE were oxidized from the 0.1%
Mn04" reactors. In contrast, averages of 40 mg TCE and 193 mg TCE were oxidized from the
0.01% and 0.1% Mn04" reactors of Exp. 4b-R7, where TSF-05 GW was evaluated in the absence
of TSF-05 sludge. Via comparison of these two experiments, the reduced TCE oxidation values
may be a direct result of competition by the TSF-05 sludge for the available oxidant.

Since oxidation depletion likely occurred before the 0.5 hr sampling point, the true aqueous TCE
mass oxidized cannot be determined. (At the point of oxidant depletion, the reactors would have
reached their lowest initial aqueous TCE concentration before the subsequent rise in aqueous
TCE concentrations due to TCE DNAPL dissolution.) Thus, the low values obtained for the
total aqueous TCE mass oxidized (Table 73, Column 7) may be due to the inability to quantify
all of the TCE oxidation that was occurring.

The computation of reaction rates was not attempted for this experiment since the use of 0.01%
and 0.1% Mn04" loadings do not adequately satisfy the oxidant demand of the TCE
contaminated sludge.

Finally, the total TCE recoveries determined for the treatment reactors were in the range of 75%-
80% and were very comparable to that obtained by the GW control reactors. Again, it is
assumed that the majority of this unaccounted for TCE («25%) was lost during contaminant
equilibration and cannot be explicitly determined or verified with the approach used to spike
these reactors.
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As mentioned above, the Mn04" was quickly consumed in all treatment reactors within 0.5 hrs.
The apparent rise in Mn04" concentrations at the 120 hr sampling period is likely caused by the
breakdown of the sludge after such a long agitation period. As observed in other TSF-05 sludge
experiments, the aqueous samples and hexane extracts collected after more than 6 hrs were
yellow in color. This "yellowing" likely biased the colorimetric Mn04" analyses.

Figure 109 indicates some initial pH reductions as the oxidation of the sludge and/or TCE
occurs. However, following oxidant depletion, the pH values of the treatment reactors begin to
increase. Net pH increases of approximately 0.5 and 1.2 pH units were observed for the 0.01%
and 0.1% Mn04" reactors, respectively. Higher pH's for 0.1% Mn04" reactors is likely due to the
fact that more of the sludge was oxidized in these reactors. Because less sludge is present after
oxidation, the contribution of the GW in the pH of the slurry may now be more significant.
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Table 73. TCE Mass Balance for ORNLExp. 4b-R13 (TSF-05 GW & Sludge).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

TCE

Oxidized

Total Mass

Recovered

(mg)

Control (#1) 751 480 2.20

0%

425

57%

127

17%

NA

NA

555

74%

Control (#2) 727 467 0.43

0%

424

58%

124

17%

NA

NA

549

76%

0.01% (#1) 736 256 0.42

0%

475

65%

81

11%

-2

0%

556

75 %%Non-Aq: 65%

0.01% (#2) 721 266 0.48

0%

485

67%

82

11%

8

1%

576

80%%Non-Aq: 63%

0.1% (#1) 728 225 0.74

0%

438

60%

59

8%

55

8%

553

76%%Non-Aq: 69%

0.1% (#2) 725 221 0.04

0%

408

56%

53

7%

95

13%

556

77%%Non-Aq: 70%

a Total Initial is assumed to be the actual DNAPL TCE mass added to each reactor.
TCE oxidized only includes mass associated with the difference in the aqueous TCE
concentrations between 0-0.5 hrs (Does not take non-aqueous phase TCE into account)

Table 74. MnQ4" Consumption Data for ORNL Exp. 4b-R13 (TSF-05 GW & Sludge).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

0.01% (#1) 36.6 0.08 35.6 0.08

0.01% (#2) 36.1 0.08 35.2 0.08

0.1% (#1) 366.5 0.80 365.8 0.80

0.1% (#2) 358.6 0.80 358.3 0.80

Consumption is computed after a 120 hr reaction time.
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ORNL Exp. 4b-R14
(TSF-05, Sludge, DNAPL TCE, 0 Other, 1%and 3% Mn04")

This experiment investigated the oxidation of TSF-05 GW andsludge spiked at DNAPL TCE
levels; i.e., the groundwater was spiked at *2xl06 pg/L TCE so that a saturated aqueous solution
was created.

TheTCE, Mn04" andpH values with timeare presented inFigures 110, 111, and 112,
respectively. Tables 75 and 76provide additional TCE mass balance and oxidant consumption
information. The (#1) and(#2) notations included in boththe figure legends and the first column
of these tables refer to the duplicate reactors evaluated for that test condition. Note that some of
the columns in the mass balance table were computed differently than the method described at
the beginning of Section 2.4.4. Thedeviations to this computational approach are clearly
defined in the upcoming discussionof this experiment.

As presented in the testplan, a single TCE spiking solution could not be made and then
subsequently distributed among the test reactors for the DNAPL experiments. Instead, a known
mass (gravimetric determination) of pure TCE was added directly to each reactor and allowedto
equilibrate at 12°C with theTSF-05 sludge. Since the initial target TCE concentration (2xl06
Ug/L) was «twice the aqueous solubility of TCE, a non-aqueous TCEphase (i.e., DNAPL) was
expected to exist within each reactor.

The experiment was conducted according to the testplan procedure, with the exception that the
reaction period was extended from 24 hrs to 120 hrs.

At the T=0 time period, the aqueous TCE concentrations within the six reactors were indeed
indicative ofTCE saturation. The TSF-05 GW controls exhibited anaverage initial aqueous
TCE concentration of 1,274,000 pg/L (a= 45,060 pg/L). The four treatment reactors containing
theTSF-05 sludge slurries experienced TCE concentrations on theorder of 757,000 pg/L (a=
24,430 ug/L) after the overnight equilibration period. Dueto the spiking approach used, the
reactors could potentially have very different initial TCE masses. There was no means of
obtaining the totalTCE mass in each reactor following equilibration (i.e., at the T=0 hrs
sampling period). Thus, the gravimetric spiking data was usedto compute the total initial TCE
mass present ineach reactor with the gross assumption that noTCE was volatilized during
equilibration (Table 75, Column 2).

Using this approach, the data suggests that approximately 40% ofthe TCE initially present in the
GW controls existed as DNAPL. Similarly,« 62% of the initialTCE within the treatment
reactors would have either beenadsorbed to the sludge and/or present in the reactors as DNAPL.

Little variation in the aqueous concentration ofthe GW control reactors was observed during the
experiment. In fact, the average aqueous TCE concentration for all of the control reactor
aliquots during the 120 hr reaction time was 1,252,000 pg/L (a= 57, 280 ug/L). This was
expected since the presence of a DNAPLphase in the reactors enables continuousTCE
saturation of the aqueous phase. Thus, TCE losses from the control reactors could not be
obtained via simple evaluation ofthe aqueous TCE concentrations with time. To accurately
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compute the TCE recoveries for the control reactors, each was extracted at the end of the
reaction period with a known volume of hexane (1:1 v/v extraction). Adding the TCE quantities
of each mass balance component listed in Table 75 yielded total TCE recoveries of 79% and
72% for the first andsecond TSF-05 GWcontrol reactors. It is expected that the majority of this
20-25% loss occurred during the overnight equilibration period when the reactors were sealed
with the glass stoppers. (Recall that all recoveries for this DNAPLexperiment are basedon the
initial TCE mass added to eachreactor before equilibration and rather thana value obtained after
equilibration; i.e., the T=0 hrs sampling point) This estimated 25% loss during equilibration is
comparable to that observed duringequilibration of all the experiments performed during this
treatability study.

Reductions in aqueous TCE concentrations were observed for all treatment reactors. The
aqueousTCE concentration data was more variable for the 1% Mn04" reactors. Complete
oxidation was not observed for the 1% Mn04" reactors. (TCE was observed in both the aqueous
aliquot at T=120 hrs and in the final reactor extractions.) However, there was a gradual increase
in aqueous TCE for the 1% Mn04" treatment reactors which ultimately approached aqueous
saturation levels following the rapid oxidation reaction that occurred. This increase is attributed
to (1) pure phase TCE (not sorbed to the sludge) remaining in the reactors being solubilized
and/or (2) the dissolution of TCE originally sorbed onto the sludge once the sludge itselfis
oxidized. The computation of a reaction rate was not attempted for the 1% Mn04"reactors since
this loading does not adequately satisfy the oxidant demandof the TCE contaminated sludge.

Due to the fluctuations observed in the 1% Mn04" aqueous TCE concentrations, the "oxidized"
component of the TCE mass balance in Table 75, Column 7 was computed differently in this
experiment. This value represents the maximum observed aqueous TCE mass oxidizedduring
the course of aliquot sampling. Using this approach, an average of 265 mg of TCE is oxidized
36%) from the aqueous phase from the 1% Mn04" reactors. These values are similar to the initial
mass predicted to be in the aqueous phase at T=0 (Table 75, Column 3). It is expected that
oxidation of some TCE originally present as non-aqueous phase TCE also occurred for the 1%
reactors. (Unlike treatment reactors in Exp. 4b-R13, the final aqueous concentrations at T=120
hrs for the 1% Mn04" reactors were less than the aqueous TCE saturation value of «1,100,000
Ug/L.) Unfortunately, better estimates of the amount of non-aqueous phase TCE that was
oxidized in the 1% Mn04" reactors cannot be obtained since it is unknown how much of the
initial total TCE was loss to volatilization during equilibration (20-25% for the GW control
reactors).

Complete TCE is indicated for the 3% Mn04" reactors, in which no detectable TCE was observed
in the post-treatment extractions of these reactors. For the 3% reactors, an average of 270 mg of
TCE is oxidized from the aqueous phase (Table 75, Column 7). These values are similar to the
initial mass predicted to be in the aqueous phase at T=0 (Table 75, Column 3). Of course, this
value does not take into account the non-aqueous TCE mass that was oxidized.

It is plausible to assume that complete TCE oxidation of the total initial TCE mass for the 3%
Mn04" reactors occurred within 2 hrs. (The 2 hrs estimate was determined by extrapolating the
initially rapid portion of the curves in Figure 110 to a concentration of 1 pg/L TCE.) Hence, an
observed zero order oxidation rate of approximately 730 mg TCE/hr is obtained for the 3%

195



Mn04" reactors. The actual rate may be less since some («20-25%) of the initial TCE mass
(Table 75, Column 2) added to the reactorswas likely volatilized during the equilibration step.
Although the TCE sample data from T=0.5 through T=24 hrs are questionable due to samples
dilution problems, a first order reaction rate constant ofk=4.1 hr"1 was computed for the second
3% Mn04" reactor and is presented in Figure 113.

The TCE observations correspond well with the Mn04" data. As evidenced in Figure 111 and in
Table 76, complete consumption of Mn04" occurred within the first 6-10 hrs for the 1% Mn04"
reactors, and a residual oxidant was still present in the 3% Mn04" reactors at T=120 hrs. For the
two 3% Mn04" reactors, an average oxidant consumption value of 64% was observed (see Table
76). The apparent rise in Mn04" concentrations at the 120hr sampling period is likelycaused by
the breakdown of the sludge after such a long agitation period. As observed in other TSF-05
sludge experiments, the aqueous samples and hexane extracts collected after more than 6 hrs
were yellow in color. This "yellowing" likely biased the colorimetric Mn04"analyses.

Figure 112, indicates initial pH reductions on the order of 1 pH unit or less as oxidation of the
sludge and/or TCE occurs. The pH values of the treatment reactors begin to increase after the
initial reaction. In fact, net pH increases of less than 0.5 pH units were observed for both the 1%
and 3% reactors. It is interesting that these net increases are smaller in magnitude than those
observed in the DNAPLsludge experiment evaluating 0.01% and 0.1% Mn04" (Exp. 4b-R13).
The difference is likely because significantly more TCE was oxidized in this experiment, thereby
producing more H+ as a reaction product. Thus, thenetpH increases expected (and observed in
Exp. 4b-R13) due to oxidation of the sludge were offset by the destruction of TCE.
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Table 75. TCEMassBalance for ORNL Exp. 4b-R14 (TSF-05 GW & Sludge).

Test Condition
Total

Initial

Mass

(mg)

Initial

Aqueous
Mass

(mg)

Mass

Sorbed on

Orbo Tubes

(mg)

Mass

Remaining in
Reactor (mg)

Cum.

Mass

Removed

in Aliquots
(mg)

MAX.

Cum Aq.
Oxidized

Total Mass

Recovered

(mg)

Control (#1) 734 447 1.19

0%

458

62%

123

17%

NA

NA

581

79%

Control (#2) 791 470 0.16

0%

437

55%

129

16%

NA

NA

566

72%

1% (#1) 736 286 0.72

0%

152

21%

23

3%

278

38%

453f

62%!%Non-Aq: 61%

1% (#2) 718 269 0.01

0%

104

15%

12

2%

251

35%

367f

51%f%Non-Aq: 62%

3% (#1) 720 271 0.18

0%

0

0%

7

1%

264

37%

271*

38%f%Non-Aq: 62%

3% (#2)

a. rn . , t _ .. . 1 •

734 279 0.10

0%

0

0%

8

1%

268

37%

276f

38%+%Non-Aq: 62%

TCE oxidizedis the maximum observed aqueousTCE mass oxidized during the courseof
aliquotsampling (Doesnot account for oxidation of TCE in non-aqueous phase)

f The un-recovered TCE is that which was oxidized from the non-aqueous phase and/or
volatilized during equilibration.

Table76. Mn04" Consumption Data for ORNL Exp. 4b-R14 (TSF-05 GW & Sludge).

Test Condition
Initial

Oxidant

(mg Mn04")

Initial

Loading
(mg Mn04" /g)

Cum.

Consumed

(mg Mn04")

Cum.

Consumed

(mg Mn047g)

1% (#1) 3610 8.1 3610 8.1

1% (#2) 3649 8.1 3649 8.1

3% (#1) 11028 24.6 6588 14.7 '

3% (#2) 10998 24.6 7353 16.5

Consumption is computed after a 120 hr reaction time.
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Summary - VOC Oxidation Rate Measurements, Hot Spot Sludge

Organic sludge from TSF-05 was included in reaction vessels in this suite of experiments. Thus,
this set of experiments measured the rate of TCE oxidation in the presence of both groundwater
and organic sludge from the hot spot. The experiments were designed to evaluate the effect of
the presence of sludge on TCE oxidation and the effect of oxidation on organic sludge. Nominal
TCE and permanganate concentrations were the sameas those usedin the 'Hot Spot
Groundwater' series of experiments. The nominal TCE and permanganate concentrations and the
associated experiment identification number are below in Table 77.

Table 77. Experimental Identification for Hot Spot Sludge Experiments.

Nominal

Mn04"

Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)

0.01% 4bRll 4bR16 4bR13

0.1 % 4bRll 4bR16 4bR13

1 % 4bR15 4bR12 4bR14

3% 4bR15 4bR12 4bR14

• TCE concentrations in 'control' reactors, whichdid not containpermanganate, remained
constant, while concentrations declined in reactors that contained permanganate. This
demonstrates that oxidation is the majorremoval mechanism in these experiments.

The resultsof these experiments fall into two general categories, depending on whether the mass
of permanganate was sufficient or insufficient to oxidize the mass of TCE present. Nominal
permanganate concentrations ranged from 0.01% (100 mg/L) to 3%(30 g/L). The average initial
permanganate concentration for each experiment is tabulated below (Table 78).
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Table78. Initial Mn04" Concentrations for the Hot Spot Sludge Experiments.

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)
100,000

(Ug/L)
1,000,000

(Ug/L)

0.01% 103 102 102

0.1% 1,032 995 999

1 % 10,220 10,225 10,225

3% 30,970 30,965 30,980

Values are the average of 2 test reactors (mg/LMn04"). All samples filtered (0.45 pm)
before analysis.

The permanganate concentrations at the end of each experiment are presentedbelow in Table 79.
All experiments were performed in duplicate, and replicatereactors generallyexhibited similar
behavior. In contrast, the reactors for experiment 4bR12 had very different final permanganate
concentrations; both values are tabulated. There was excess permanganate (i.e. sufficient
permanganate to react with all of the oxidizable material) only for initial concentrations of 1%
and 3%. This is attributed to completeconsumption of oxidant by reaction with organic sludge
and TCE in the cases with lower initial permanganate concentrations. The «4-5 mg/Lresidual
Mn04" concentrations presented in Table 79 for the nominal 1,000,000 pg/L TCE case, it likely
due to interferences during the colorimetric Mn04" analyses. As noted earlier, these experiments
were conductedusing a 120 hr reactiontime, and yellowing of the slurry was observed during
the course of the reaction.

Table 79. Final Mn04" Concentrations for the Hot Spot Sludge Experiments.

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)
100,000

(Ug/L)
1,000,000

(Ug/L)

0.01% 1 3 42

0.1% 1 2 52

1% 190/9301 0.1/6361 52

3% 13,740 12,410 7,000/2,9501

a Values are the average of 2 test reactors (mg/LMn04"). All samples filtered (0.45pm)
before analysis.

1 Values for replicates that exhibited substantially different behavior.
2 Value likely resulted from yellow ofslurry due to sludge breakdown with 120 hr

reaction period.
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Initial TCE concentrations ranged from 10,000 pg/L to 1,000,000 ug/L. TCE was present as a
non-aqueous phase at the highest concentration. The actual (as opposed to nominal)
concentrations initially present are presented below in Table 80. TCE concentrations in
experiment 4bRl 1 were substantially higher than the target concentrations, but other
concentrations were fairly close to the intended concentrations. These values are the initial
concentrations in the 'groundwater control' reactors. Although a similar mass of TCE was
present in reactors that contained organic sludge, sorption of TCE by sludge (on the order of
50%) would cause the aqueous concentrations to be less than those in the aqueous controls.

Table 80. Initial Aqueous TCE Concentrations for the Hot Spot Sludge Experiments.a

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000

(Ug/L)
1,000,000

(Ug/L)

0.01% 30,500 71,500 1,311,950

0.1% 30,500 71,500 1,311,950

1 % 7,840 80,560 1,273,650

3% 7,840 80,560 1,273,650

Values are the averageof the 2 "Groundwater Control" reactors (ug/L TCE) used in each
experiment.

The aqueous TCE concentrations at the end of the reaction period are presented below in Table
81. (Note that direct comparison with Table 80 is not appropriate in all cases since the values
presented here are from reactors containing a slurry of sludge and groundwater) Two types of
behavior were observed: either TCE concentrations declined orders of magnitude from the initial
concentration, or they declinedonly slightly. If there was sufficient permanganate present for
there to be a permanganate residual at the end of the experiment, than TCE concentrations
declined to low concentrations («100 pg/L or less). If permanganate was exhausted before the
end of the experiment, then TCE concentrations remained high.
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Table 81. Final Aqueous TCEConcentrations forthe HotSpot Sludge Experiments.

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)
100,000

(Ug/L)
1,000,000

(Ug/L)

0.01% 12,300 49,125 1,502,350

0.1% 11,930 39,360 1,220,900

1 % 62 83/3501'2 380,8503

3% ND 952 ND

Values are the average of 2 test reactors (ug/L TCE).
1 Values for replicates that exhibited substantially different behavior.
2 One replicate value <MDL.
3 One replicate exceeded instrument calibration.

The percentage of TCE initially present that was oxidized in each experiment is presented below
in Table 82. Thecases in which -100% of the TCE was oxidized correspond with the cases in
which there was a permanganate residual at the endof the experiment.

Table 82. Percentage of TCE Oxidized for the Hot SpotSludge Experiments. a-

Nominal

Mn04"

Concentration

Nominal TCE Concentration

10,000

(Ug/L)
100,000

(Ug/L)
1,000,000

(Ug/L)

0.01% 11 21 1

0.1 % 28 161 10

1 % 581 100 36

3% 100 100 100

Values are the average of 2 test reactors (wt%).
1 Value from only a single reactor.

Zero orderTCE oxidation rates were estimated for the cases in whichthere was a permanganate
residual. The estimated rates are presented in Table 83 and 84 on a 'per reactor' basis and on a
'unit volume' basis, respectively. Although the data set is limited, the TCE oxidation rate
increases with initial TCE concentration. A trend as a function of initial permanganate
concentration cannot be determined from this data set, although experimentsdescribed
previously indicate that the TCE oxidationrate is proportional to the permanganate
concentration.
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Table 83. Observed Minimum Zero Order TCE Destruction Rates - Per Reactor Basis, Hot
Spot Sludge.a

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)
100,000

(Ug/L)
1,000,000

(Ug/L)

0.01% NCf NC1 NC1

0.1 % NCf NC NCf

1 % 5.8 59.6 NCf

3% 5.8 59.6 730

Values are the average of 2 test reactors (mg TCE/hr per reactor). Computed by dividing the
Average Initial TCE Masspresent in each reactor by the earliest aliquot sampling time at
which TCE was not detected. Each reactor contained nominally 400 mL. See Appendix C
for actual GW masses in each reactor.

Value not calculated, oxidant was depleted rapidly before all TCE was oxidized.

Table 84. Observed Minimum Zero Order TCE Destruction Rates - Per Unit Volume Basis,
Hot Spot Sludge. a

ft

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000

(Ug/L)

1,000,000

(Ug/L)
0.01% NCft NC+t NC++

0.1 % NCft NCt+ NCn

1 % 16 162 NC+t

3% 16 162 2000t
Values are the average of 2 test reactors (mg TCE/L/hour). Values werecomputed by
dividing the Average Initial TCE Mass present in each reactor by both (1) the earliest ahquot
sampling time (hrs) at whichTCE was not detected and (2) the average initial liquid volume
in the reactor (GW and Mn04" stock solution, when applicable).
A corresponding first order rate constant is included in Table 86 for this test case.
Value not calculated, oxidant was depleted rapidly before all TCE was oxidized.

The results of this experiment differ from those of theparallel experiment with groundwater
from the same source butno sludge (Section 2.4.3). In the 'sludge' experiments, there were
fewer cases in which there was a permanganate residual than in the 'groundwater'
experiments. This canbe attributed to consumption of oxidant by reaction with the organic
sludge. Oxidationof sludge would cause lower permanganate concentrations. Previous
experiments indicate that theTCE oxidation rate is proportional to thepermanganate
concentration, and hence lower permanganate concentrations in the 'sludge' experiments
would be expected to cause lower TCEoxidation rates. TCE oxidation rates in the 'sludge'
experiments were lessthan the TCE oxidation rates in the corresponding 'groundwater'
experiments. This indicates that the presence of organic sludge would have two effects on
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TCE oxidation: (1) Sludge will exert an additional oxidant demand, which may exhaust the
supply of oxidantbefore all of the TCE hasbeen oxidized. (2) Oxidation of sludge will
lower permanganate concentrations and thus lead to slower TCE oxidation rates. However, it
should be noted that therateof TCEoxidation is very rapid, even in the presence of organic
sludge.

Trends in pH are presented in Table85 below. pH values increased by approximately 0.1 - 1 pH
units. Thisbehavior is in marked contrast to that observed in the 'groundwater' experiments, in
whichpH decreased, and the changes were much larger. The smaller pH changes observed in
the 'sludge' experiments are attributed to the buffering capacity of the organic sludge. The
reason for the difference in the sign of the pH change betweenthe 'sludge' and 'groundwater'
experiments is unknown. However, the effectmay be associated with oxidation of the organic
sludge since the initialpHs of the slurry reactors (containing TSF-05 GW and sludge) were
significantly lower than the pHs of control reactors containing only TSF-05 GW.

• Changes in pH wereso small that pH would not useful for monitoring the progress of ISCO
at the field scale

Table 85. Observed pH Trends in the Hot Spot Groundwater Experiments. a

Nominal

Mn04"
Concentration

Nominal TCE Concentration

10,000

(Ug/L)

100,000

(Ug/L)

1,000,000

(Mg/L)
0.01% +0.2 +0.2 +0.5

0.1% +0.6 +0.4 +1.2

1% +0.7 +0.8 +0.5

3% +0.1 +1.1 +0.5

pH Values are the average of 2 test reactors.

A summary of the TSF-05 Slurry experiments (GW and sludge) is presented in Table 86. This
table in essence is a summary of the preceding Tables 77 through 85.

It was determined that available oxidant was depleted when it was attempted to use an initial
loading of 0.01% Mn04" to treat any TCE contaminated sludge (regardlessof TCE spike level).
Similarly, complete treatment ofTSF-05 GW and sludge spiked with «2xl06 pg/L (DNAPL)
could only be achieved using an oxidant loading of 3% Mn04".

For the 3% Mn04" cases, in which Mn04" was in excess, it is interesting to note from Table 86
that the amount of oxidant consumed does not increase significantly although the initial TCE
masses are orders of magnitude different. In fact, 56%, 60%, and 64% of the initial oxidant mass
added was consumed in experiments having initial nominal TCE concentrations of 10,000 pg/L;
100,000 ug/L; and 2x106 ug/L (DNAPL), respectively.

As observed for the TSF-05 GW, the higher the oxidant loading, the higher the oxidant
consumption (mg Mn047g media) for oxidizing the same mass of TCE. It is not known
precisely what causes this phenomenon. However, from a cost effectiveness standpoint, this

205



result points to the need to closely tailor the oxidant loading to the field observed VOC
contamination levels.

Table 86. Summary of the Hot Spot Sludge Oxidation Rate Experiments.

ORNL

Exp.
No.

Nominal

Initial

TCE

(pg/L)

Avg.
Initial

TCE

Mass

(mg)

TCE Oxidation

Observed Rates

(mg TCE/hr-Reactor
Contents)*

Initial

Mn04'
(wt%)

Max. Mn04"
Consumed

(mg Mn047g)

pH Trends

4b-Rll

10,000
11.6 Incomplete

(Min 12 % oxidized)1
0.01% 0.08 <0.2Net

Increase

11.3 Incomplete

(Min38% oxidized)1
0.1% 0.8 < 0.6 Net

Increase

4b-R15

10,000
2.9 Residual Present

(Min 58% oxidized)2
Obs. Rate: 5.82

1% 7.7 < 0.7 Net

Increase

2.9 Complete (< 0.5 hrs)
Obs. Rate> 5.8

3% 13.7 < 1.0 Net

Increase

4b-R16

100,000
26.2 Incomplete

(«2% oxidized)1
0.01% 0.08 < 0.2 Net

Increase

26.4 Incomplete

(«16% oxidized)1
0.1% 0.8 < 0.4 Net

Increase

4b-R12

100,000
29.8 Complete (< 0.5 hrs)

Obs.Rate >59.6

1% 8.1 < 0.8 Net

Increase

29.8 Complete (< 0.5 hrs)
Obs.Rate >59.6

3% 15.6 < 1.1 Net

Increase

4b-R13 DNAPL3 729 Incomplete (Min 1%
oxidized)1'4

0.01% 0.08 *0.5 Net

Increase

727 Incomplete (Min 10%
oxidized)1'4

0.1% 0.8 «1.2 Net

Increase

4b-R14 DNAPL3 727 Incomplete (Min 36%
oxidized)1,4

1% 8.1 <0.5 Net

Increase

727 Complete (< 2 hrs)
k=4.1hf1
Obs. Rate » 730

3% 16.5 <0.5 Net

Increase

t Observed Oxidation Rate= (Total Initial mg TCE)/(X hrs-Reactor Contents); Where Xrepresents the earnest
sampbng time atwhich TCE was not detected inthe aqueous aliquot. Where available, the predicted first order
reaction rate constant, k, is presented.
"Reactor Contents" are nominally 400 mL TCE-spiked GW and 100 gTSF-05 Sludge. See Appendix C for actual
masses added to each reactor.

1 Oxidant depleted before allTCE could be oxidized.
It is assumed that the reactions were essentially completed at this time point, even though a low residual TCE
concentration was present. The reported values are estimates.

3 "DNAPL" equates to an aqueous concentration of 2x 106 ug/L TCE.
A conservative value which does takeintoaccount for anynon-aqueous TCEwhich wasoxidized.
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2.4.5. TSF-05 Sludge Baseline Characteristics and Effect of Oxidation

Various baseline measurements were performed on the TSF-05 sludge prior to the start of the
consumption and oxidation experiments. These measurements consisted ofbulk density, percent
moisture, radiochemical analysis (gross alpha, gross beta, and gamma scan), and total carbon
content (see Appendix B). Carbon content was measured on portions ofthe TSF-05 sludge prior
to the oxidant demand and oxidation rate studies and after reaction to determine sludge oxidation
trends for each experiment.

The bulk density measurement was used to calculate the total weight ofsludge received for
sample tracking purposes. The percent moisture was used to convert the raw (as received)
sample carbon results to a dry weight basis so that the values could be compared to the dried
sample carbon measurements. This was done to ascertain if any loss ofsample carbon occurred
during the drying process. The radiochemical measurements were conducted to confirmINEEL
isotopic data and to establish the radioactive hazards associated with the sludge. Total carbon
measurements were performed (1) to establish a baseline carbon value, (2) todetermine post-
treatment carbon values in the sludge following the oxidant demand and oxidation rate studies,
and (3) to determine the effect (ifany) that the presence of varying concentrations ofTCE would
have on the oxidation of the sludge. The average baseline carbon value obtained on the dried
sample portions prior to the oxidation studies was compared with the post-treatment values to
determine oxidation trends for each experiment. It should benoted that the TSF-05 sludge
samples were highly heterogeneous containing such material as fine silt particles, small rocks,
thin "shale-like" chips, and other debris that was not specifically identified. Overall, the sludges
had a dark reddish brown color, and all containers had a liquid phase, making up half of the
sample's weight, separated from the solid material. The sludge samples were homogenized as
much as possible by hand stirring prior to subsampling for the baseline characterization work and
for the project experiments. However, the sludges could never be described as completely
homogeneous. This fact affects the precision of the baseline measurements. Thus, these values
should not be interpreted as absolute. The post reaction carbon analyses were less affected by
sample non-homogeneity because the sludge would breakdown into a more homogeneous slurry
after undergoing 24 hrs ormore ofshaking during the reaction studies. The color ofthe sludge
slurry remained a dark reddish brown.

2.4.5.1 Baselme Characterization

Bulk Density and Percent Moisture
The bulk density was determined on two 5 gram portions of the raw sludge which were randomly
sampled from theone liter containers after hand stirring to homogenize. A Grabner Instruments
MiniDens analyzer was used for the measurements. The MiniDens analyzer measures sample
density by first obtaining a weight for the sample aliquot using a microbalance. Once the weight
is obtained, the instrument then seals the sample in an air-tight chamber, filled only with air and
the sludge sample, for volume determination. The volume determination is accomplished by
using a piston to increase the pressure in the sealed chamber in 2 KPa increments. The amount
ofmovement required for the piston to obtain a 2 KPa pressure change is directly proportional to
the volume of the sample. Once the weight andthe volume is known, the instrument's software
computes and reports a density value.
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The percent moisture determination, defined as [MWatei/(Mwater + MS0Hds)] x 100, was performed
using a 250 gram sample portion which was randomly sampled from a one liter container after
hand stirring to homogenize. The sample portion was weighed then dried in an oven (105 °C),
cooled in a desiccator, and weighed again. This process was repeated until a stable dry weight
was achieved. The density and the percent moisture results are summarized in Table 87.

Table 87. Baseline TSF-05 Sludge Density and Percent Moisture.

Sample Moisture (wt%)
Wet

Bulk density (g/mL)

1 58.4 1.878

2 NA 1.855

Average: 58.4 1.867

Radiochemical Measurements

After similar subsampling, radiochemical measurements were also performed. The aliquot was
acid digested using the protocol set forth inSW846 method 3051 then analyzed for gross alpha,
gross beta, and gamm using the procedures hsted in Table 88. The results, which are corrected
backto the original wet weight of the sludge, are reported as Bq/gand are presented in Table89.
The RMAL's radiochemical analytical results have good agreement with those values supplied
by INEEL's radiochemical laboratory (Rowley, 1997).

Table 88. Radiochemical Methods used for TSF-05 Sludge Determinations.

Method

Gross Alpha and Gross Beta Radioactivity in
Drinking Water (CASD-AM-EPA-900.0)

Gamma-emitting Radionuclides in Drinking
Water (CASD-AM-EPA-901.1)

Operation of Packard MO 2500TR Liquid
Scintillation Counter

(CASD-AM-RML-RA12)

Operation and Calibration of the Tennelec
LB4000 (CASD-AM-RML-RA02)

Operation and Calibration of the Canberra,
Nuclear Data Genie - ESP Data Acquisition
and Processing (CASD-AM-RML-RA04)

Analysis

Gross alphaand beta radioactivity sample
preparation

Gamma emitting radionuclides sample
preparation

1. Total activity by liquid scintillation
2. Sum of alpha- and beta-emitting
radionuclides analysis

Gross alpha and gross beta analysis

Alpha and gamma spectroscopy data
acquisition and processing system
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Table 89. Baseline TSF-05 Sludge Radiochemical Analytical Results.

Analysis Results (Bq/g)

Gross Beta 4400

Gross Alpha 3.3

Cs-137 460

Co-60 100

Throughout theproject the hexane extractions performed for TCE analyses onthe
sludge/groundwater slurries were monitored for total activity at random intervals prior to transfer
to ESD. No activitywas detected in any of these extractions.

Total Carbon Data

For thecarbon determinations, a Shimadzu TOC 5000carbon analyzer interfaced with a solid
sample module (SSM 5000) was used. The analyses were performed following the guidance set
forth inEPA's SW846 method 9060 and the manufacturer's operation instructions provided with
the instrument.

Initial carbon baseline results were obtained prior to the start of theproject experiments
involving theTSF-05 sludge. Carbon content was measured in bothraw (asreceived) and dried
portions of the sludge. The baseline values obtained are presented in Table 90.

Table 90. Baseline Total Carbon Values for Raw and Dried TSF-05 Sludges.

Sample Total Carbon (%)

Pre-treatment: None (as received) Dried at 105° C

1 2.7 9.2

2 3.1 8.1

Average: 2.9 8.6

The raw sample result corrected for moisture is 6.9% total carbon. The average, measured dried
sample result was 8.6%. The calculated dry value is 20% lower than the measured value with a
relative percent difference of 22%. Given the highly heterogeneous matrix of the sludge samples
these deviations are considered acceptable. Any loss of carbon as a result of drying the sludge is
assumed to be within this percent error. Therefore, it was also assumed that the post reaction
sludges couldbe dried to remove the hexane extraction medium without significant loss of
sludge carbon.
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2.4.5.2 Effect of Oxidation

Asdiscussed above, a baseline total carbon value of 8.6% was used to determine (1) how much
carbon was oxidized in the sludge following the oxidant demand and oxidation rate studies and
(2) the effect that the presence of varying concentrations of TCE would have on the oxidation of
the sludge.

At the completion of the oxidant demand (Task 3b) andthe degradation rate (Task 4b)
experiments, portions ofall sludges were dried at a temperature of 105 PC to aconstant weight to
remove water and hexane (Task 4b only) from the samples. Total carbon analyses were then
performed oneach sample. The oxidant demand (Task 3b) results are presented inTable 91, and
the oxidation rate studies (Task 4b) are presented in Table 92. The total carbon values presented
in these tables for the #1 and#2 treatment reactors represent the values obtained for each
duplicate sample for a given test condition.

Table 91. Post Oxidant Demand Results (Task 3b), TSF-05 Sludge Total Carbon.

ORNL Exp.
No.

Oxidant

Loading

Total Carbon (%)

Treatment

Reactor #1

Treatment

Reactor #2

Average
Value

3b-Rl 0.01% Mn04" 4.9 3.8 4.4

3b-R2 0.1%MnO4" 3.0 2.4 2.7

3b-R3 1% Mn04" 1.8 2.3 2.1

3b-R4 3% Mn04" 1.4 1.5 1.5
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Table 92. Post-Treatment Degradation Rate Results (Task 4b) TSF-05 Sludge Total Carbon.

Nominal

Aq. TCE

(Ug/L)

ORNL Exp.
No.

Oxidant

Loading

Total Carbon (%)

Treatment

Reactor #1

Treatment

Reactor #2

Average

Value

40,000 4b-Rll
0.01 % Mn04" 7.1 6.1 6.6

0.1 %Mn04" 5.5 5.4 5.5

10,000 4b-R15
1 % Mn04" 2.7 2.1 2.4

3 % Mn04" 1.4 1.9 1.7

100,000

4b-R12
0.01 % Mn04" 4.4 6.7 5.6

0.1%MnO4" 4.8 5.9 5.4

4b-R16
1 % Mn04" 1.7 3.0 2.4

3 % Mn04" 2.6 2.6 2.6

DNAPL

+ ^ ...

4b-R13
0.01 % Mn04" 2.0 3.8 2.9

0.1 %Mn04" 3.5 2.5 3.0

4b-R14
1 % Mn04" 5.5f 2.5 2.5ft

3 % Mn04" 2.4 3.4 2.9

Outlier (biased high)
ft Did not average/use the outlier value.

The average post-treatment total carbon values fromthe oxidantdemand data in Table91 was
plotted in Figure 114 verses the initial oxidant loading. The data suggests a logarithmic decrease
ofthe TSF-05 sludges; total carbon content with increasing permanganate concentration during
the twenty-four hour reaction period. The trendline is abest fit only and does not exactly
describe the data trend. Figure 115 depicts another view of the same carbon data. Here, the total
carbon oxidized (calculated by subtracting the baseline value of8.6% from the averaged
measured post reaction values) is plotted versus initial oxidant loading. Here, the plot illustrates
a logarithmic increase (essentially a mirror image ofFigure 114) of the carbon oxidized with
increasing permanganate concentration. As in Figure 114, a trendline is fitted to the datawith its
equation displayed.
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Figure 114. Post-Treatment %Carbon Value vs. Oxidant Loading for the Task 3b, Oxidant
DemandExperiments. (TSF-05 Sludge, 0 pg/L TCE, 4:1 L/S Ratio, 12°C).
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Figure 115. Post-Treatment %Carbon Oxidized vs. Oxidant Loading for theTask 3b, Oxidant
Demand Experiments. (TSF-05 Sludge, 0 pg/L TCE, 4:1 L/S Ratio, 12°C).
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The average post-treatment total carbon values for the oxidation rate studies in Table 92 are
plotted in Figure 116 versus the initial TCE spike concentration. The same data isalso presented
in Figure 117 butexpressed as thepercent of initial sludge total carbon that was oxidized. The
carbon measurement obtained for the first 1% Mn04" reactor in experiment 4b-R14, (TCE
present as DNAPL) is believed to be biased high when compared to theothercarbon values
measured in the DNAPL experiments. Instead ofaveraging the two 1% Mn04" samples, the
second Mn04" sample from experiment 4b-R14 was used. The bargraphs inFigures 116 and
117 are grouped according to TCE concentrations to illustrate the effect that varying
concentrations ofTCE have on the oxidation ofthe carbon in the TSF-05 sludge. The first group
of data(0 pg/LTCE) is from the oxidant demand study (Table 91).

Several conclusions can be drawn from the oxidationrate carbon data. First, when TCE is
present, there isgenerally a decrease in the amount ofcarbon oxidized in the sludge. (This trend
is most obvious for the initial oxidant loadings of 0.01 % and0.1 %Mn04"). It is believed that the
permanganate is preferentially oxidizing theTCE in solution overthe sludge carbon before it is
completely consumed (i.e., there is competition for theoxidant). Although some carbon is
oxidized when the sludge is spiked with TCE, the amount oxidized is less than what was
observed when no TCE was present (oxidant demand studies).

For all TCE concentrations observed, the amount of carbon oxidized with the 1% and 3%
permanganate solutions appears to be fairly similar, suggesting that sludge oxidation is less
dependent on initial TCE concentration at higheroxidant loadings. Withthe 1% and 3% Mn04"
loadings, there is sufficient oxidant available to destroy theTCE as well as the sludge carbon to
approximately the same levels as were observed when no TCEwas present.

Finally, when the TCE ispresent as DNAPL the post reaction sludge carbon concentrations are
essentially equivalent regardless of the initial oxidant loading. This last conclusion is more
difficult to explain. The data indicates that approximately 3% of the carbon remains in the
sludges after the reaction period regardless of the initial permanganate concentrations (Note: All
studies usingTCE present as DNAPL had reactionperiods of 120hours verses 24 hours). After
24hrs, only the3% permanganate reaction flasks had any measurable permanganate still present
(approx. 1.1%). After 120 hours, thispermanganate concentration was approximately 0.5%.
Regardless, all sludges were oxidized to the same carbon levels. Apossible explanation may be
that, at higherconcentrations, the TCE is enhancing, or possibly adding to, the oxidationreaction
between theTSF-05 sludge and the permanganate. FortheDNAPL case, conditions may be
present that are preventing the oxidationreaction from achieving a finalcarbon level
significantly less than3% (asobserved in the oxidant demand study). For example, the TCE
mass present may be competing for available oxidant and/or reaction products formed via TCE
oxidation may have altered the degradation kinetics within the reactors. Without a detailed look
at the oxidation/reductions (redox) reactions occurring among the sludge, TCE, and Mn04" a
completely satisfactoryexplanation cannot be given for these observations.
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Figure 116.Post-Treatment Carbon Values vs TCE Spike Concentration for the Task 4b, TCE
Degradation Experiments. (TSF-05 Sludge, 4:1 L/S Ratio, 12°C).
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4b, TCE Degradation Experiments. (TSF-05 Sludge, 4:1 L/S Ratio, 12°C).
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2.4.6. Matrix Spike Experiments

Following completion of Tasks 2-4, INEEL requested that a matrix spikeexperiment be
performed for eachTAN Site media (dissolve plume and hot spot media) being evaluated at
ORNL. The results of these additional experiments are presentedbelow.

ORNL Exp. 2b-lb, Matrix Spike Experiment for the Dissolved Plume Media
(TAN-40 GW, Basalt, Sediment, TCE=275 pg/L, 0% Mn04")

The matrix spike experiment involving the dissolved plume mediawas conducted without
incident. (The detailed procedure used is included in Appendix B, page 16). Unfortunately,
problems arose during GC analysis. The matrix spike TCE samples were analyzed using the GC
that had been used for nearly all of the Task 4 work (with the exceptionof the co-contaminants
experiments). This instrument had performed remarkably well throughout theentire project,
requiring only two (2) calibrations between January and August 1998. This matrix spike
experiment, however, was conducted several weeks after the completion of the task 4 work. All
QA blanks, calibration checks, and test sample results contained numerous unidentified peaks,
likely from capillary column and/ordetector "bleeding". TCE could not be adequately resolved
from the other eluting compounds. It is believed that the more than 2,000 hexane extracts that
had been analyzed during the preceding months contaminated the detector, which had not been
periodically baked out during the course of the project. The detrimental consequence of this
activity did not surface until after the instrument had been placed in stand-bymode after
completion of the Task 4 work. As a result, the ECD was removed from the instrument and
returned to the manufacturing for refurbishing. The detector has just recently been returned, but
it has not yet been re-installed.

With the current project funding, the experiment will not be re-performed. However, it is
believedthat the hexaneextraction technique used for this project producedreliable results,
particularly for the dissolved plume media. TCE recoveries from the control reactors (in Task 2
and Task 4) were high and little TCE sorption (<8%) by the basalt or sediment was observed
during the project. (TCE sorption by the hot spot sludge was on the order of 50%.)

215



ORNL Exp. 2b-3b, Matrix Spike Experiment for the Hot Spot Media
(TSF-05 Sludge and GW, TCE= 1,000 pg/L, 0% Mn04")

Nearly identical to the Task 4TCE spiking procedure, samples for this matrix spike experiment
(TSF-05 slurries and TSF-05 groundwater only) were spiked with 1,000 pg/L TCE at a4:1 L/S
ratio and equilibrated overnight at 12°C. The main difference between the two experimental
setups was the use of40 mL VOA vials here instead ofthe 500 mL reactors used in Task 4. (The
detailed procedure used is included in Appendix B, page 21). As in Task 4, these samples were
then extracted with hexane at a 1:1 v/v ratio for various time periods. The hexane aliquots
hexane were then analyzed (1) to determine the extent ofrecovery and (2) to determine ifthe
amount recovered is significantly affected by the extraction time. Since the results ofexperiment
2b-3 (Section 2.2.2) suggested that some TCE may still be bound to the sludge after 24 hrs, a48
hr extraction period was also evaluated in this experiment. Since sample holding time effect had
been observed in a few ofthe Task 4 experiments, samples collected between T=0 and 24hrs
were analyzed immediately after theT=24 hr samples were collected. Due to the instrument
problem discussed above in the dissolved plume media experiment, these samples were analyzed
using the GC that had been used for the co-contaminants experiments. The MDL for this
instrument calibration was 10 pg/L rather than 5 pg/L TCE.

One of the three vials containing TSF-05 sludge and groundwater was broken soon after TCE
equilibration has been initiated. Thus, only the results of2slurries samples and 1groundwater
only sample are presented here. Gravimetric analyses indicated that >98wt% of thecontents
from each ofthe 40 mL VOA vials was successfully transferred into each reactor ofhexane. The
TCE concentrations measured for each hexane aliquot are presented in Figure 118. Note that
many ofthe TCE values presented in Figure118 just barely exceeded that ofthe largest
calibration standard (1,169 pg/L). As was observed in the first hexane extraction time
experiment (Exp. 2b-3), hexane rapidly extracts TCE from both the sludge and groundwater
samples. The measured TCE concentrations for the groundwater only sample are lower than
those ofthe slurries because a larger volume ofgroundwater was present in that vial (i.e., lower
initial aqueous concentration).

From Figure 118, it also appears that the amount ofTCE being extracted is increasing with time
for each sample. However, the concentrations presented in Figure 118 only represent the
concentrations ofTCE in the 1mL hexane ahquot and does not take into account any TCE that
was removed from the extracting slurry by previous aliquot sampling event(s). Thus, the same
TCE sample data is expressed in %TCE mass recovered in Figures 119, 120, and 121 for the
first, second, and third test reactors, respectively. The percentage ofthe TCE removed from each
reactor via previous aliquot samplings is also presented in Figures 119-121. Upon adding the
sample TCE recovery and the aliquot recoveries in these figures, one can observe that there is
little variation in the total TCE recovery (sum ofthe two fractions) with extraction time. This
result further substantiates the use ofa24 hr hexane extraction time for the hot spot media.

Because ofthe spiking technique employed (use ofa saturated TCE solution), the initial amount
ofTCE present ineach reactor was not directly measured. However, each reactor should have
initially contained «44 pgTCE at the start ofequilibration, ifone assumes that the saturated TCE
solution used to spike the test reactors was 1,100 mg/L. It is realized that amatrix spike
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experiment will yield results that are more definitive ifthe initial spiking concentration is known.
Measurement of the saturated TCE solution concentration was an oversight. This is likely why
the total TCE recoveries presented in Figures 119-121 are all greater than 100% (Average 106%,
c=1.4%). However, it is believed that all of the initial TCE has been extracted from both the
slurry and groundwater only matrices. In addition, the total TCE masses represented by Figures
119-121 do not vary by more than 2.2 pgTCE for any sample matrix orextraction time
examined. Hence, the use of hexane to extract TCE from the TAN site matrices is believed to be
valid. (Additional information and calculations are presented in Appendix Cfor this
experiment.)
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2.5.7 TASK 5. WASTE DISPOSAL

AllVOC-spiked TAN Site media used in thisproject have beendeclared as solid level waste and
RCRA hazardous waste. The material is currently being handled and will ultimately be treated
and/or stored according to both RCRA regulations and ORNL guidelines. PertheSOW, allun
used TAN media iscurrently being prepared for shipment back to INEEL as the original
generator of the RCRA material used in this US EPA treatability study.
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3. CONCLUSIONS AND RECOMMENDATIONS
In general, theoxidant demand of the, geologic media (groundwater, basalt, and fracture-fill
material) was low, while the oxidant demand oforganic sludge from TSF-05 was very high. The
rate of TCE oxidation was rapid, and when sufficient permanganate was available for oxidation
to proceed tocompletion, TCE concentrations declined to less than the MDL. Permanganate
oxidation was effective for destroying (1) TCE in the dissolved phase, (2) TCE initially present
as a non-aqueous phase, (3) DCE isomers, and (4) organic sludge.

These observations indicate that ISCO is well suited for remediating both dissolved phase
contamination and secondary sources of contamination in thehot spot, if oxidant can be
delivered to the in situ contaminants.

Afield evaluation at the hot spot should beperformed to evaluate the performance of ISCO
under field conditions.

Conclusions and recommendations are presentedbelow for each task. Additional details are
available for each task in Section 2.0

3.1. TASK 1 - PREPARATION OF PROJECT PLANNING DOCUMENTS
Conclusions:

All project planning documents needed to execute this study were obtained.

Recommendations: None.

3.2. TASK 2 - PRELIMINARY LABORATORY STUDIES

3.2.1. Reactor Development

Conclusion:

• A reactorsuitable for executing this study wasdeveloped. In general, it performed well.

Recommendation:

• Procedures should be modified to allow quantification of the mass of individual VOCs in the
headspace in order to determine better mass balance estimates.
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3.2.2. Hexane Extraction Time

Conclusions:

• The 2-hourextraction time wasadequatefor groundwater, crushed basalt, sediment, and
sludge.

• A 2-hour extraction time was assumed to be adequate for extraction of VOCs from aggregate
basalt, but this assumption has not been rigorously evaluated.

Recommendation:

• The adequacy of the hexane extraction time for aggregate basalt should be further evaluated
before performing additional laboratory studies of ISCO using these materials.

3.2.3. Determination of Equilibration Time for AggregateBasalt with TCE
Conclusion:

• This activity was attempted twice without success. These equilibration experiments are
conducted for time periods onthe order of days to weeks. Due to the delays that would have
been encountered in beginning the Task 3 and Task 4 experiments, a third attempt at this task
was not performed. Instead, an overnight equilibration period was selected for the aggregate
basalt medium in the Task 4 experiments.

Recommendation:

• The adequacy of the overnight equilibration period shouldbe further evaluated before
performing additional laboratory studies ofISCO using this material. This will require the
preparation of new test methods and equipment to better minimize TCE losses.

3.3. TASK 3 - MEASUREMENT OF OXIDANT DEMAND OF TAN SUBSURFACE
MATERIALS

3.3.1. Laboratory Controls and QA

Conclusion:

• Due to the low oxidantdemand observed for most of the TAN site media, the
spectrophotometric method used for Mn04" analyses was not capable ofquantifying the very
small changes in Mn04" concentrations that appeared to be occurring for groundwater and the
dissolved plume media. However, it was determined prior to the start of theORNL studies
that the use ofthe spectrophotometric technique would be suitable for the level of QA
desired for this parameter.

Recommendation:

• Ifextremely precise determinations ofsmall Mn04" concentration changes are needed in the
future, a more time-consuming standard titration method should beconsidered for the Mn04"
analyses.
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3.3.2. Oxidant Demand in Dissolved Plume Media

Conclusions:

• The oxidant demand of groundwater, aggregate basalt, crushed basalt, and sediment were all
low, approximately 0.01 to 0.2 mg Mn04" / g medium. These values are less than the value
determined in apreliminary study conducted elsewhere, on the order of1mg Mn04" / g
basalt.

• Fracture fill material, i.e. sediment, had the highest oxidant demand ofthe geologic materials
examined.

Recommendation:

• Field scale measurement of oxidant demand inthedissolved plume is notneeded.

3.3.3. Oxidant Demand in Hot Spot Media
Conclusions:

• The oxidant demand ofgroundwater from TSF-05 is small and comparable to thedemand
measuredon groundwater from the dissolved plume (TAN-40).

• The oxidant demand oforganic sludge from TSF-05 is approximately three orders of
magnitude greater than the oxidant demand ofbasalt and sediment, on the order of70mg
Mn04" / g sludge. This sludge has the highest oxidant demand of anymaterial examined in
this study.

• Consumption of oxidant by reactions with sludge would be a substantial sink of oxidant in a
field scale application of ISCO.

• Oxidation by Mn04" is an effective means of destroying organic sludge.

Recommendation:

• Evaluationof ISCO via a field test at the hot spot is warranted.
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3.4. TASK 4 - MEASUREMENT OF OXIDATION RATES OF TAN SUBSURFACE
MATERIALS

3.4.1. Laboratory Controls and QA

Conclusions:

• Over 2,200 samples were uniquely labeled, tracked, and analyzed for VOCs viagas
chromatography. Proper instrument performance was validated via calibration checks for
over 95% of the samples analyzed. In addition, there is no information available to suggest
that the instrument(s) was not performing properly for the remaining 5% of the samples.

• Analyses of duplicate aliquots for 160 test samples resulted in an average percent difference
of 3% between duplicates.

• TCE was found in the sample blanks from some of the TCE degradation experiments. Such
occurrences are clearly noted in the experimental discussions. Contamination of these
blanks, however, did not severely affect the results/interpretation of the experiments. The
amount of TCE found is such blanks (typically <10 pg/L TCE) was several ordersof
magnitude less than the amount of TCE that was oxidized by Mn04".

Recommendation:

• Given the large number of samples managed and analyzed in this study, the level of QA/QC
imposed upon these VOC analyses should be considered acceptable forevaluating theresults
of this ISCO treatability study. If a higher level of QA is needed in future ISCO studies,
enough funds should be allocatedto have the VOC analyses subcontractedout to a certified
analytical laboratory.

3.4.2. Oxidation Rate of Organic Contaminants in Dissolved Plume Media
Conclusions:

• TCE was readily oxidized at theMn04" concentrations used, 0.01 % and 0.1 %(100 mg/L
and 1 g/L).

• TCEoxidation was so fast that the dataresolution was generally not sufficient to determine
reliable reaction rate parameter values because TCE concentrations generally declined to <
MDLconcentrations before the first or secondsampleswerecollected. The lowerboundof
the zero order reaction rates was estimated by assumingthat the TCE concentration reached
zero when the first or second sample, as appropriate, was collected.

• The estimatedzero order reaction rates increasedwith both initial Mn04" and TCE
concentrations, and ranged from 0.1 to 4 mg TCE /L /hour.

• Sufficient data were available in a few cases to determine first order reaction rate constants.
These range from 1.64 hr"1 to 4.28 hr"1 (average= 22.2 hr"1, a= 1hr"1). All ofthe first order
reaction rate constants correspond to experiments involving 0.01 %Mn04". There appears to
be no trend with initial TCE concentration for these rate constants. Reaction rates were too
rapidfor the 0.1 % Mn04" caseto allow for their computation.
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• There were no differences in reaction rate that could be attributed to different media
(groundwater only, crushed basalt, aggregate basalt, and sediment).

• Changes in pH are too small to beof practical use for monitoring the progress of a field
application of ISCO.

Recommendation:

• Oxidationof TCE by Mn04" is sufficiently rapid that field scale evaluation of ISCO is
warranted.

3.4.3. Oxidation Rate of Organic Contaminants in Hot Spot Media

3.4.3.1. Hot Spot Groundwater
Conclusions:

• Higher concentrations of bothMn04" andTCEwere usedin this set of experiments than in
the 'dissolved plume'experiments. Initial Mn04" concentrations ranged from0.01% to 3%
(100 mg/L to 30 g/L). Initial TCE concentrations ranged from 10,000 to 1,000,000 pg/L (10
to 1,000 mg/L). TCE was present as a non-aqueous phase liquid at the highest concentration.

• These experiments suggest that approximately 50% of the initial aqueous TCE addedto the
test reactors is immediately sorbedto the sludge during the equilibration period.

• In some cases, the mass of Mn04" was insufficient to oxidize all of the TCEpresent, and
TCE concentrations remained high.

• If the concentration of Mn04" was sufficient, TCE was rapidly oxidized to less than MDLs.

• TCE oxidation was so fast that the data resolution is generally not sufficient to determine
reliable reaction rate parametervalues becauseTCE concentrations generally declined to <
MDL concentrations before the first or second samples were collected. The lower bound of
the zero order reaction rates was estimated by assuming that the TCE concentrationreached
zero when the first or second sample, as appropriate, was collected.

• The zero order reaction rate estimates increased with both initial Mn04" and TCE
concentrations, and ranged from 1 to 4,100 mg TCE /L /hour. The rates observed in this set
of experiments are faster thanthose observed in the 'dissolved plume' experiments largely
because of the higher TCE concentrations used in the 'hot spot' experiments

• Sufficient data were available in only one case to determine first order reaction rate constant.
(1.7 hr"1 for the 0.01% Mn04" reactors in Exp. 4b-R5) Again, the overall faster degradation
rates observed for this series of experimentswere likely influenced by the higher TCE
concentrations in these 'hot spot' experiments.

• Permanganate rapidly oxidizedTCE that was initially present as a non-aqueous phase liquid.

• Changes in pH were very large compared to thechanges observed in the 'dissolved plume'
experiments. The magnitude of the pH changes increased with both initial Mn04" and TCE
concentrations. However, the reaction vessels used in these experiments did not contain a
solidphase, whichcould buffer pH changes. Therefore, it cannot be concluded that pH
changes of this magnitude would be observed in a field application of ISCO.

225



Recommendation:

• Oxidation of high concentrations of TCE, including TCE initially present as a non-aqueous
phase, is sufficientlyrapid that field evaluationof ISCO in the hot spot is warranted.

3.4.3.2. Hot Spot Sludge
Conclusions:

•

•

•

•

•

The concentrations of Mn04" and TCE used in this set of experimentswas the same as that
used in the 'hot spot - groundwater' experiments.

In somecases, the mass of Mn04" was insufficient to oxidize all of the TCE present, and
TCE concentrations remained high.

TCE was rapidly oxidized to less than MDLs if the concentration of Mn04" was sufficient.

TCE oxidation was so fast that the data resolution is generally not sufficient to determine
reliable reaction rate parameter values because TCE concentrations generallydeclined to <
MDL concentrations before the first or second samples were collected. The lower bound of
the zero order reaction rates was estimated by assuming that the TCE concentration reached
zero when the first or second sample, as appropriate, was collected.

The zero order reaction rate estimates increased with both initial Mn04" and TCE
concentrations, and ranged from 16 to 2,000 mg TCE /L /hour. The rates observed in this set
of experiments are faster than thoseobserved in the 'dissolved plume' experiments largely
because of the higherTCE concentrations used in the 'hot spot' experiments, but lower than
those observed in the 'hot spot - groundwater' experimentsbecauseof reduced Mn04"
concentrations resulting from sludge oxidation.

• Sufficient data were available in most cases to determine first order reaction rate constants
due to (1) very rapidTCE degradation or (2) insufficient initial oxidant loading. However,
the case in which the TCE-spiked (DNAPL) sludge was treated with 3% Mn04", a first order
reaction rate constant of4 hr"1 was computed.

• Permanganate rapidly oxidized TCE that was initially present as a non-aqueous phase liquid.

• Consumption of Mn04"during oxidation of sludge reduced oxidant concentrations and
slowed the rate of TCE oxidation compared to the rates observed at similar concentrations in
the 'hot spot - groundwater' experiment. However, even the slower rates observed in these
experiments are extremely rapid relative to the time scale needed for field application of
ISCO.

In some cases, oxidation of sludge consumed the available Mn04" before all of the TCE was
oxidized, whileat similar concentrations without sludge presentTCE was oxidized to <MDL
concentrations. This illustrates that the oxidant demand of sludge must be satisfied in order
to achieve complete oxidation of TCE.

Baseline characterization work on the TSF-05 revealed an initial dried total carbon value of «
8.6%. After oxidation by Mn04" in the Task4 experiments, post-treatment carbon values
ranged between 1.6% and 6.6%. The degree to which the sludge isoxidized during ISCO
appears to be dependent on both the initial TCE and initialoxidant loading.
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• pH changes were much smaller than those observed in the 'hot spot - groundwater'
experiments, presumably due to buffering of pH by organic sludge. The pH changes are so
small that pH would not be suitable for monitoring the progress of a field application of
ISCO.

Recommendations

• The rate of TCE and sludge oxidation are fast enough, and the TCE concentrations that
remain after oxidation are low enough, that further field scale evaluation of ISCO at the hot
spot is warranted.

3.5. TASK 5 - WASTE DISPOSAL

• This task is currently being conducted. ORNL personnel will ensure that all treatment
residuals are properly stored and/or disposed of. Unused TAN material currently presentat
ORNL will be returned. INEEL officials will handle its ultimate disposition.

227





4. REFERENCES

Ball, William. 1991. "Long-TermSorption of Halogenated Organic Chemicals by Aquifer
Material: 1. Equilibrium," Environmental Science and Technology, 25(7):1223-1249.

Istok, J. D. 1998. Unpublished Data, Measurement of Oxidant Demand of Surficial Samples
from Hell's Half Acre, Idaho. Oregon State University, Corvallis, Oregon.

Pavlostathis, S.G., and K. Jaglal. 1991. "DesorptiveBehavior ofTrichloroethylene in
Contaminated Soil," Environmental Science and Technology, 25(2):274-279.

Rowley, Debbie. 1997. "Shipmentof Sludge and Groundwater Samples from TAN RCS-33-
97," INEEL Interdepartmental Memo to Bob Starr, October 27, 1997.

US EPA (U.S. Environmental Protection Agency). 1997. TestMethodsfor Evaluating Solid
Waste, Physical/ChemicalMethods (SW-846). CD-ROM, Version 2.0. (3rdEdition with Final
Updates I, II, IIA, IIB, and III). National Technical Information Service, Springfield, Virginia.

Verschueren, K. 1983. Handbook ofEnvironmental Data on Organic Chemicals, 2nd edition.
Van Nostrand Reinhold Co., New York.

229





Appendix A- Scope of Work





Scope of Work for
Laboratory Evaluation of In Situ Chemical Oxidation

as a Technology for Groundwater Restoration
at the INEEL TAN Site

December 10,1997

Subcontractor: Oak Ridge NationalLaboratory
Environmental Sciences Division
P.O. Box 2008

Oak Ridge, TN 37831-6036

Technical Contact: Dr. Olivia R. West

(423) 576-0505 voice
(423) 576-8543 Fax

Background

The use of in situ chemical oxidation (ISCO) as a technology for remediating the
secondary source ofgroundwatercontamination at the INEEL near injection well TSF-05
is being evaluated. Oxidant demand and reaction rates will be measured inlaboratory
studies, which will be followed byfield evaluations if the results from the laboratory
investigation are promising.

Laboratorystudieswill be performed by researchers at the Oak Ridge National
Laboratory, Environmental Sciences Division. The ORNL research team has been
performing laboratory and field investigations on ISCO for subsurface remediation for
approximately four years, and has the laboratoryfacilities and experienceneeded to
perform the required experiments.

Assumptions

The following assumptions were made to prepare this scope ofwork.

1. Organic sludge from TSF-05 contains radionuclides at sufficiently high activities that
experiments in which organic sludge is used must be conducted in the Radioactive
Materials Analytical Laboratory at ORNL, but cannot be conducted in the
Environmental Sciences Division laboratories.

2. Groundwater, basalt, and sediment from fractures in basalt do not contain
radionuclides at activities that would preclude their use in experiments conducted in
the Environmental Sciences Division laboratories.

3. Groundwater, basalt, and sediment will be delivered to ORNL by January 6, 1998.
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4. Organic sludge from TSF-05 does not contain PCBs at concentrations greater than 50
ppm, and therefore is not regulated by the Toxic Substances Control Act.

5. Organic sludge will be delivered to ORNL by January 26, 1998.

6. Temperature control equipment will be delivered by a vendor to ORNL by January 30,
1998.

If information generated during this investigation invalidates the assumptions made to
prepare this Scope ofWork, then ORNL should notify the INEEL Technical Point of
Contact, Dr. Robert Starr, and request any changes in scope, schedule, and budget
required because the actual conditions differfrom the assumed conditions.

Scope of Work

The majority of the work to be performed by the subcontractor is described in Draft In
Situ Chemical Oxidation Implementation Plan Test Area NorthFinal Groundwater
Remediation Operable Unit 1-07B, INEEL/EXT/97-01 111, Revision 0, which will be
referred to as the 'Implementation Plan'. Chapter 2 Laboratory Studies has been
substantially revised in accordance with agency review comments. References to Chapter
2 of the Implementation Plan are intended to refer to the revised Chapter 2 that is
presented in Appendix A ofthis Scope of Work.

Task 1 Prepare Project Planning Documents

Project planning documents include:

• A Laboratory Test Plan that describes the technical aspects of the research, including
quality assurance, in greater detail than presented in the Draft Implementation Plan;

• Environmental, safety, and health (ES&H) planning documentation;

• RCRA treatability study notification;

• Any other documentation required for conducting laboratory studies at ORNL.

Task la Prepare Laboratory Test Plan

Prepare a Laboratory Test Plan that describes the laboratory experiments in detail, and
refers to or includes quality assurance procedures. The activities to be addressed are
described in Tasks 2 through 4 of this scope of work. Submit a draft to INEEL for review
and a final version that has been modified in response to INEEL review comments.
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Task lb Prepare Other Planning Documents and Obtain Permits

Prepare the ES&H documentation required by ORNL. Submit RCRA treatability study
notification. Prepare any other planning documents required by ORNL.

The ES&H documentation will be prepared under the assumption that the material to be
shipped from INEEL will be below TSCA action limits of 50 ppm. PCB analyses of the
material will be conducted PRIOR to shipment to ORNL. If the material is found to have
PCB concentrations near or greater than 50 ppm, the material will not be shipped to
ORNL until additional arrangements and changes in both ESH&Q documentation and
work scope are made.

Task 2 Preliminary Laboratory Studies

Preliminary studies are needed to refine laboratory procedures that will be used to measure
oxidation demand (Task 3) and oxidation rates (Task 4).

Task 2a Reactor Development

Purchase and test reaction vessels that will be used for the oxidant consumption and
oxidation rate studies.

Task 2b Determine Time Requiredfor Hexane Extraction of TCEfrom Aqueous
Samples, Organic Sludge, Sediment, and Basalt

Samples for analysis of organic analytes (TCE, DCE, etc.) are prepared by extracting
organic solutes from solution into an organic solvent, hexane, and then determining the
concentration of the solutes in hexane. The transfer of organic solutes into hexane is not
instantaneous, particularly if the organic solute is associated with solid phase material such
as basalt or organic sludge. The goal of this task is to determine the length of time
necessary for the transfer of organic solutes from aqueous samples, sludge, sediment, and
both crushed and aggregate basalt into hexane.

Perform a study to determine the length of time required for hexane extraction to transfer
essentially all of the mass of TCE from either aqueous samples, organic sludge, sediment,
or basalt into the organic (i.e. hexane) phase. Select extraction times to be used in
subsequent experiments.

Submit a preliminary report that presents the principal results of this task, followed by
more detailed information in the final report. The analytical and final reporting procedures
shall comply with sections 2.4 and 9.1 of the Draft Implementation Plan.
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Task 2c Determine Time Required to Equilibrate Basalt Aggregate with TCE
Solutions

Basalt aggregate, i.e. 1/2 to 1 inch diameter pieces of vesicular basalt, will be used in the
laboratory experiments described in the Implementation Plan. One step in the experiments
is to equilibrate TCE concentrations in matrix pore water of the basalt pieces with TCE
concentrations in the surrounding water. The length of time needed for this equilibration
process to occur is unknown. The goal of this task is to determine the length of time
required for equilibrium to be reached between TCE in the matrix pore water and the
surrounding solution.

Perform a study to determine the relationship between equilibration time, i.e. the length of
time that aggregate is immersed in a TCE solution, and the mass of TCE that can be
extracted per unit mass of aggregate basalt.

Submit a preliminary report that presents the principal results of this task, followed by
more detailed information in the final report. The analytical and final reporting procedures
shall comply with sections 2.4 and 9.1 of the Draft Implementation Plan.

Task 3 Measure Oxidant Demand of TAN Subsurface Materials

The oxidant demand exerted by materials present in the subsurface at TAN will influence
the mass and concentration of oxidant that must be injected during field evaluations and
full scale implementation of ISCO.

Task 3a Measure the Oxidant Demand ofReactive Zone Media

Measure the oxidant demand ofgroundwater from TAN-29, crushed and aggregate basalt,
and sediment (fracture fill material). Use the approach described in Section 2.2 of the
Implementation Plan, and the experimental treatments described in Table 2-3.

Submit a preliminary report that presents the principal results of this task, followed by
more detailed information in the final report. The analytical and final reporting procedures
shall comply with sections 2.4 and 9.1 of the Draft Implementation Plan.

Task 3b Measure the Oxidant Demand ofHot Spot Media

Measure the oxidant demand ofgroundwater and organic sludge from TSF-05. Use the
approach described in Section 2.2 of the Implementation Plan, and the experimental
treatments described in Table 2-4.

Submit a preliminary report that presents the principal results of this task, followed by
more detailed information in the final report. The analytical and final reporting procedures
shall comply with Sections 2.4 and 9.1 of the Draft Implementation Plan.
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Task 4 Measure Oxidation Rates

Oxidation rates as a function of oxidant and contaminant concentration must be

determined in order to evaluate the feasibility of ISCO and to design field evaluations and
full scale implementations of ISCO.

Task 4a Measure the Oxidation Rate ofOrganic Contaminants in Reactive Zone
Media

Measure the rate ofTCE oxidation in groundwater from TAN-29, crushed and aggregate
basalt, and sediment (fracture fill material). Use the approach described in Section 2.2 of
the Implementation Plan, and the experimental treatments described in Table 2-5.

Submit a preliminary report that presents the principal results of this task, followed by
more detailed information in the final report. The analytical and final reporting procedures
shall comply with sections 2.4 and 9.1 of the Draft Implementation Plan.

Task 4b Measure the Oxidation Rate of Organic Contaminants in Hot Spot Media

Measure the rate ofTCE oxidation in groundwater and organic sludge from TSF-05. Use
the approach described in Section 2.2 of the Implementation Plan, and the experimental
treatments described in Tables 2-6 and 2-7.

Submit a preliminary report that presents the principal results of this task, followed by
more detailed information in the final report. The analytical and final reporting procedures
shall comply with sections 2.4 and 9.1 of the Draft Implementation Plan.

Task 5 Waste Disposal

The laboratory residuals generated in this investigation must be disposed in accordance
with applicable regulations. Dispose ofwastes and unaltered samples according to the
procedures described in Section 7.3 of the Implementation Plan. All laboratory residuals
generated in this study will be disposed by ORNL, with the following exceptions:

1. Unused, unaltered samples may be returned to INEEL for disposal;

2. If sludge from TSF-05 is determined to be regulated under the Toxic Substances
Control Act, then samples and apparatus that contacted the sludge shall be returned to
INEEL for disposal. Lab residuals that did not contact sludge will be disposed by
ORNL.

Task 6 Progress Reports

Submit monthly reports that summarize the budget status and technical progress during
the last month and for the project to date. An example of a monthly report is attached.
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Task 7 Final Report

Submit a final report as described in Section 9.1 of the Implementation Plan, and data
packages.

Task 8 Present Results of the Laboratory Study

Present the results of the laboratory study in a one-day meeting to be held in either Idaho
Falls, Idaho, Boise, Idaho, or Seattle, Washington. The location and date will be
determined approximately one month in advance of the meeting.
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Schedule and Deliverables

Table Al. Schedule and deliverables

TASK

1. Prepare project planning
documents

2. Refine laboratory
procedures

DELIVERABLE

la Laboratory Test Plan - draft for review
- final version

lb Letter confirming that all permits, permissions, and documents
needed to perform Tasks 2 - 5 are in place.

2a-c Preliminary report

3. Measure oxidant demands 3a Preliminary report.

3b Preliminary report

4. Measure oxidation rates 4a Preliminary report

4b Preliminary report

5. Waste disposal

6. Progress Reports

7. Final Report

8 Present Results

Letter confirming that all laboratory residuals and unaltered
samples have been disposed in compliance with applicable
regulations

Monthly reports of costs and technical progress.

Final report

Presentation of results.

SUBMITTAL DATE

December 19, 1997
January 7, 1998

December 23, 1997

January 30, 1998

February 23, 1998

March 20, 1998

April 14, 1998

May 29, 1998

June 19, 1998

Ten days after the end of each
accounting month

June 12, 1998

To be determined.



Sample Monthly Report

Month

Budget

Labor Hours

Labor Cost

Non-Labor Cost

Total Monthly Cost
Cumulative Project Cost
Total Budget

Technical Progress

Technical Problems and Proposed Resolutions
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A2. Laboratory Studies

Excerpted from Draft In SituChemical Oxidation Implementation Plan Test Area North
Final Groundwater Remediation Operable Unit 1-07B, INEEL/EXT-97-01 111, Rev 1.

This section describes laboratory studies that will be used to evaluate the feasibility of
implementing ISCOto remove TCE contamination from the TAN site, and to provide data that
will be usedto design field evaluations, including both short term single well testsand longer
term, larger scale evaluations in a reactive zone and at the hot spot. Lab studieswill focus on
quantifying oxidantconsumption by groundwater, basalt,sludge, and sedimentthat fills basalt
fractures, as wellas reaction kinetics between potassium permanganate and TCE. Bench-scale
experiments using materials taken from the TAN site will be conducted to establish the
effectiveness of ISCO for removing TCE from the hot spotand the reactive zone. Furthermore,
the optimumrange of oxidantloadings for the hot spotand reactive zone will be determined
based on TCE degradation kinetics and the amountof oxidantconsumedby the natural (basalt
and sediment) and anthropogenic (organicsludge) materials underlying the TAN site.

The effect of chemical oxidation on the migration of radionuclides and metals will not be
investigated in the laboratory, but instead will be assessed viaa transport modeling study.

A2.1 Objectives and Data Gaps

Resultsof laboratorystudies will be used to evaluate the feasibility of ISCO for aquifer
remediation, and for designing field evaluations of ISCO. The major questions addressedby
laboratory studies are:

1. What are suitable concentrations of oxidantfor use in single well tests, a field evaluationat
the hot spot, and full scale implementation at the hot spot ?

2. How much oxidant will be needed for single well tests, field evaluations, and full scale
implementation at the hot spot ?

Suitableconcentrations can be determined basedon the organiccontaminant destruction rate as a
function of oxidant concentration and on the amount of oxidant consumed by other reactions.
The amount of oxidantneeded can be determined from measurements of oxidantdemand by
materials present in the subsurface at TAN.

The objectives of this task are:

1. To determine potassium permanganate consumption rate and amount as a function of
medium type (groundwater, basalt, sediment, sludge), potassium permanganate loading, and
initial TCE concentration; and,

2. To determine the destruction rate and extent of TCE oxidation as a function of medium type,
potassium permanganate loading, and initial contaminant concentration (including the
presence of a non-aqueous phase).

The objectives, data gaps, and test methods developed through agency consensus are summarized
in Table A2.1.
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Table A2.1. Laboratory reaction studies objectives.

Objective Data Gap Test Method
Determine the effectiveness of Oxidant demand of TAN Lab batchexperiments
chemical oxidation for groundwater, basalt, sludge,
destroying TCE in TAN and sediment that fills
media under ideal conditions fractures

TCE destruction rate and Lab batch experiments
extent, and formation of
chlorinated daughter products
as a function of oxidant

concentration and

contaminant concentration

Rate of DNAPLdepletionby Lab batch experiments
chemical oxidation

A2.2 Experimental Approach

Bench-scale batch reaction experiments will be conducted wherein residual TCE and Mn04" is
measured in mixtures ofTAN groundwater and solid material spiked with TCE and subsequently
treated with potassium permanganate. Groundwater for the experiments will be taken from
TAN-29 (representative of the reactive zone) andTSF-05 (representative of the hot spot).
Organic sludge will becollected from TSF-05. Basalt will becollected from TAN-37 core, and
sediment will be collected from fractures in TAN-48 core or archived core.

Experimental variables to be considered inthebatch experiments include the following:
• Solid Medium - Within the hot spot, a majority of the TCE is believed to be

associated with the organic sludge. Degradation ofaqueous TCE inthe presence of
basalt and sediment present as fracture-fill material is relevant forboth thehotspot
and reactive zones.

• Basalt Form - Comparison of TCE degradation kinetics between systems with
crushed and aggregate basalt may indicate diffusion-limitations thatwill impact the
effectiveness of ISCO for removing TCE from the fractured basalt.

• Liquid-to-Solid Ratio - TCE degradation and potassium permanganate consumption
will be measured in systems with groundwater alone (from the reactive zoneand hot
spot) and groundwater + solid at a 4:1 mass ratio.

• TCE Concentration - TCE concentrations range from lowlevels (1 ppm)
representative of contamination in the reactive zone to DNAPL levels that are
potentially present in the hot spot.

• Organic Co-Contaminants - Other chlorinated alkenes (cis-1,2- dichloroethene
(DCE), trans-1,2-DCE, and vinylchloride (VC)) will be included in a subset of the
reaction experiments; these compounds have been detectedat elevated levels within
the TAN site.

• Potassium Permanganate Concentration - Previous studies have indicated that TCE
degradation kinetics increase with permanganate concentration. A wide range of
potassium permanganate concentrations will be evaluated, with lower and higher
oxidant concentrations anticipated for the reactive zone and hotspot respectively.

• Temperature - Oxidant consumption and oxidation rate will be measured at 12
Celsius.
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Table A2.2 summarizesthe conditions/levels to be tested for each experimentalvariable while
Tables A2.3 to A2.7contain specific combinations of experimental conditions to be investigated
in this laboratory study. The following general procedure will be followed for the reaction
experiments:

1. Measured amounts of matrix material (groundwater + air-dried sludge, basalt, or sediment)
are placed into multiple reaction vessels. Glass flasks or beakers will be used as reaction
vessels for the oxidant consumptionstudies (TablesA2.3 and A2.4). Reactionvessels for the
TCE degradation studies (Tables 2-5 through 2-7) will consist either of stainless steel zero-
headspace extractors (ZHE's) or glass vessels equipped with Tedlar bags to capture generated
gases (e.g., C02). In theoxidant demand studies (Tables A2.3 andA2.4) andthedegradation
studies (Tables A2.5 to A2.7) each experimental condition will be conducted in duplicate
(i.e., two different reactor setups). In addition, duplicatecontrol reactors will also be
prepared for the degradation experiments in Tables A2.5 to A2.7. These control reactors will
be spikedwithTCE (and otherco-contaminants when applicable) and aliquots will be
collected at time zero and periodically thereafter to quantify changes in concentration due to
processes other than oxidation. The actual numberof control samples needed will be
controlledby the approach in whichthe test seriesare conducted. For example, one set of
control reactors could serve as the control for two experimental test conditions if the reactors
had the same test medium and initial target TCE concentration. Residual volatile
contaminants in thegroundwater and solid materials will be removed bypurging with N2 and
air-drying, respectively, before being placed into the reaction vessels. This will enable
experiments to be conducted on materials with consistent and controlled initial levels of TCE
contamination.

2. For the TCE degradation experiments, pre-determined amounts of TCE (either as a
methanolic stock solution or as a pure-phase) will be added to the reaction vessels. After
spiking, all the reaction vessels will be sealed and allowedto equilibrate for at least 24 hours
(equilibration times will be longer for the tests on aggregate basalt). A preliminary study will
be conducted to determine the necessary equilibration time. During equilibration, the
reaction vessels will be gentlyagitated. Immediately priorto potassium permanganate
additions (Step 3), duplicate reaction vessels will be sacrificially analyzed to obtain the initial
TCE concentration (or mass).

1. Predetermined amounts of solid industrial-grade potassium permanganate will be added to the
reaction vessels (except for a few which will serve as controls). Reaction vessels will be
shaken immediately after potassium permanganate additions to ensure rapid dissolution of the
crystalline oxidant. The reaction vessels will be gently agitated until extraction.

2. At predetermined reaction time intervals, liquid aliquots from the duplicate control and
duplicate potassium permanganate-treated reactionvessels will be withdrawnfor analysis.
TCE will be measured through hexane extractionof the aliquot and analysis of the extract on
a gas chromatograph (GC) equipped with an electroncapture detector (ECD). The gas
chromatograph/electron capture detector (GC/ECD) will also be calibrated for less
chlorinated alkenes. Analysis of vinyl chloride may require a different analytical technique,
as described in Section A2.4.2. Vinyl chloride concentrations will be measured in
experimental treatments in which vinyl chloride is added as a co-contaminant, but will be
measured in other experimental treatments only if it can be analyzed using the GC/ECD
technique. For the experiments conducted in glass vessels equipped with Tedlar bags, TCE
will also be measured in the gas collected by the Tedlar bag. Residual Mn04" will be
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quantified using a spectrophotometry technique. pH will also be measured in the aqueous
aliquots.

3. After aliquot sampling for the final predetermined reaction time interval, the entire contents
of the reaction vessels will be extracted with hexane. Theextracts will then be analyzed for
TCE andpotential oxidation by-products ontheGC/ECD. Thetotal organic carbon content
of organic sludge will be measured. Mn speciation in the treated media at the final reaction
interval will also be attempted.

4. The total organic carboncontentof organic sludge will be determined once before the oxidant
demand and oxidation ratestudies, and will be measured again at the endof the experiments
described in Tables A2.4 and A2.7.
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Table A2.2. Experimental variables in reaction studies.

Parameter

Media

Liquid (groundwater) to
solid (basalt, sludge, or
sediment) ratios

Basalt form

TCE concentrations

(in the aqueous phase)

Organic co-contaminants
(cis-1,2-dichloroethylene,
trans-l,2-dichloroethylene,
and vinyl chloride)

Potassium permanganate
concentrations

Number of Values

3

Values

Groundwater from TAN-29 + Basalt from TAN-37

(representing the reactive zone)

Groundwater from TAN-29 + sediment from fractures

(representing the reactive zone)

Groundwater from TSF-05 + organic sludge from TSF-05
(representing the hot spot)

1:0 (groundwater alone)
4:1 (groundwater : basalt, sludge, or fracture fill material)

Temperature

a. This will provide matrix oxidant consumption.

2 Crushed (< 3 mm)
Aggregate (1.3 to 2.5 cm)

5 Omg/La
1 mg/L
lOmg/L
100 mg/L
DNAPL

2 Omg/L
10 mg/L

4 0.01%

0.1%

1.0%

3.0%

1 12 C

Table A2.3. Oxidant consumption by reactive zone media.

Media

Groundwater

Basalt

Form

NA

Liquid:
Solid Ratio

NA

Initial TCE

Concentration

(mg/L)

0

Initial Organic
Co-Contaminant

Concentration

(mg/L)

0

Initial

Potassium

Permanganate
Concentration

(%)

0.01

Groundwater/basalt Crushed 4:1 0 0 0.01

Groundwater/basalt Aggregate 4:1 0 0 0.01

Groundwater/sediment NA 4:1 0 0 0.01

Groundwater NA NA 0 0 0.10

Groundwater/basalt Crushed 4:1 0 0 0.10

Groundwater/basalt Aggregate 4:1 0 0 0.10

Groundwater/sediment NA 4:1 0 0 0.10

Groundwater NA NA 0 0 1.00

Groundwater/ basalt Crushed 4:1 0 0 1.00

Groundwater/ basalt Aggregate 4:1 0 0 1.00

Groundwater/sediment NA 4:1 0 0 1.00
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Table A2.4. Oxidant consumption by hot spot media.

Media

Basalt

Form

Liquid: Solid
Ratio

Initial TCE

Concentration

(mg/L)

Initial Organic
Co-Contaminant

Concentration

(mg/L)

Initial Potassium

Permanganate
Concentration

(%)
Groundwater NA NA 0 0 0.01

Groundwater/sludge NA 4:1 0 0 0.01

Groundwater NA NA 0 0 0.10

Groundwater/sludge NA 4:1 0 0 0.10

Groundwater NA NA 0 0 1.00

Groundwater/sludge NA 4:1 0 0 1.00

Groundwater NA NA 0 0 3.00

Groundwater/sludge NA 4:1 0 0 3.00

Table A2.5. TCE degradation rate in reactive zone groundwater and basalt

Media

Basalt

Form

Liquid: Solid
Ratio

Initial TCE

Concentration

(mg/L)

Initial Organic
Co-Contaminant

Concentration

(mg/L)

Initial Potassium

Permanganate
Concentration

(%)
Groundwater NA NA 0.1 0 0.01

Groundwater NA NA 0.1 0 0.10

Groundwater NA NA 1 0 0.01

Groundwater NA NA 1 0 0.10

Groundwater/basalt Crushed 4:1 0.1 0 0.01

Groundwater/basalt Crushed 4:1 0.1 0 0.10

Groundwater/ basalt Aggregate 4:1 0.1 0 0.01

Groundwater/basalt Aggregate 4:1 0.1 0 0.10

Groundwater/basalt Crushed 4:1 1 0 0.01

Groundwater/basalt Crushed 4:1 1 0 0.10

Groundwater/basalt Aggregate 4:1 1 0 0.01

Groundwater/basalt Aggregate 4:1 1 0 0.10

Groundwater/sediment NA 4:1 0.1 0 0.01

Groundwater/sediment NA 4:1 0.1 0 0.10

Groundwater/sediment NA 4:1 1.0 0 0.01

Groundwater/sediment NA 4:1 1.0 0 0.10
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Table A2.6. TCE degradation rate in hot spot groundwater

Initial Organic Initial Potassium

Initial TCE Co-Contaminant Permanganate
Basalt Liquid:Solid Concentration Concentration Concentration

Media Form Ratio (mg/L) (mg/L) (%)

Groundwater NA NA 10 0 0.01

Groundwater NA NA 10 0 0.10

Groundwater NA NA 10 0 1.00

Groundwater NA NA 10 0 3.00

Groundwater NA NA 100 0 0.01

Groundwater NA NA 100 0 0.10

Groundwater NA NA 100 0 1.00

Groundwater NA NA 100 0 3.00

Groundwater NA NA 100 10 0.01

Groundwater NA NA 100 10 0.10

Groundwater NA NA 100 10 1.00

Groundwater NA NA 100 10 3.00

Groundwater NA NA 2,000* 0 0.01

Groundwater NA NA 2,000* 0 0.10

Groundwater NA NA 2,000* 0 1.00

Groundwater NA NA 2,000* 0 3.00

* Indicates that TCE is present as a DNAPL.

Table A2.7. TCE degradation rate in hot spot groundwater and sludge.

Media

Basalt

Form

Liquid: Solid
Ratio

Initial TCE

Concentration

(mg/L)

Initial Organic
Co-Contaminant

Concentration

(mg/L)

Initial Potassium

Permanganate
Concentration

(%)

Groundwater/sludge

Groundwater/sludge

NA

NA

4

4

1

1

0

10

0

0

0

0.01

Groundwater/sludge

Groundwater/sludge

Groundwater/sludge

NA

NA

NA

4

4

4

1

1

1

10

10

10

0

0

0

0.10

1.00

3.00

Groundwater/sludge

Groundwater/sludge

Groundwater/sludge

Groundwater/sludge

Groundwater/sludge

NA

NA

NA

NA

NA

4

4

4

4

4

1

1

1

1

1

100

100

100

100

2,000*

0

0

0

0

0

0.01

0.10

1.00

3.00

0.01

Groundwater/sludge

Groundwater/sludge

NA

NA

4

4

1

1

2,000*

2,000*

0

0

0.10

1.00

Groundwater/sludge NA 4 1 2,000* 0 3.00

* Indicates that TCE is present as a DNAPL.
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Sacrificial sampling (i.e., extraction of reaction vessel contents) at reaction intervals will be
conducted for one test series on TAN sludge (Table A2.7). The TCE level and potassium
permanganate loadingfor this test series will be determined from results of the TCE degradation
experiments where aliquot sampling was used.

The experimental procedures and conditions described above may be modified during the course
of the laboratory study. Possible changes include the following:

• Modification of procedures to satisfy laboratory ES&H requirements. An ES&H
evaluation ofthe planned laboratoryexperiments will be conducted before any work
is initiated.

• Deletion of experiments from the test matrix deemed unnecessary based on
completed tests. For example, 0.01% permanganate experiments will not be
included in the TCE degradation and contaminant immobilization tests on TAN
sludge if the sludge consumes significant amounts of potassium permanganate.

• Revision of reaction times to better capture temporal trends in TCE based on
observations in completed experiments.

A2.3 Data Analysis and Interpretation

The first and secondtest series (Table A2.3 and A2.4) will provide oxidant consumption by TAN
basalt, sediment from fractures, and organic sludge. The tests will be the first indicators of
whether ISCO is feasible at the TAN reactive zone and hot spot. Excessive oxidant consumption
will result in large amounts of oxidant required for the full-scale process. If this were the case,
ISCO may be cost-prohibitive. Results of the oxidant consumption measurements series will
serve as a basis for deciding whether to continue the laboratory studies and ISCO field
evaluations at the hot spotor reactive zone. Oxidant consumption may be highfor the organic
sludge; it is not expected to be significant for the fractured basalt or sediment.

The reactiontest matrix (Table A2.5 to A2.7)has been designed to provide TCE degradation rate
as a function of potassium permanganate loading for each matrix type (groundwater fromthe hot
spot with and without organic sludge, groundwater from the reactive zone with and without
basalt). The relationship between degradation rate and potassium permanganate concentration
will be used to select optimum potassium permanganate loading for each matrix.

Significant differences between TCE degradation trends in the crushed and aggregate basalt
(Tables A2.3 and A2.5) will indicate diffusion limitation effects ofTCE chemical oxidation in
TAN basalt. The results of these experiments combined with results of the modeling described in
Section A3.2 will determinewhether matrixdiffusion can impact the effectiveness of ISCO for
remediating the hot spot and reactive zone at TAN.

A2.4 Analytical Methods and Quality Assurance

A2.4.1 Summary of Analytical Data from Laboratory Studies
The laboratory treatability studies described in the previous subsections will provide quantitative
information regarding thetechnical feasibility and environmental impact ofperforming ISCO at
the TAN site. This quantitative information can be categorized into the following groups of
parameters:

• Parameter Group 1 - Consumption rate and extent of potassium permanganate by the
contaminated matrix as a function of oxidant concentration and matrix type (Tables
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A2.3 - A2.4). These will be used to assess the practicality of ISCO at the TAN site,
as well as to determine optimum oxidant loadings.

• Parameter Group 2 - Degradation rate and extent of chlorinated organics by
potassium permanganate as a function of initial organic contaminant level, oxidant
concentration, and matrix type (Tables A2.5 - A2.7). These will be used to assess
the effectiveness of ISCO for reducing organic contamination at the TAN site.

The following chemical measurements will be conducted to generate the parameter groups given
above:

1. Mn04" in an aqueous matrix

2. Chlorinated organics in aqueous and solid matrices

Other physical and chemical measurements will be made during the laboratory experiments (e.g.,
pH, total organic content); however, use of these other parameters in any decision making process
related to the evaluation of ISCO for the TAN site is not anticipated. This subsection focuses on
the primary analyses mentionedabove and associatedquality assurance/quality control
requirements deemed appropriate for the use of the analytical data.

Formal data packages will only be provided for the chlorinated organics analyses. The
components of the data packages are also described in the following subsections. The data will
be reported in sample data groups for the organic analyses. This will simplify preparation of the
data packages without sacrificing the quality of information provided.

A2.4.2 Permanganate Analysis of Aqueous Samples

A2.4.2.1 MethodDescription. MnO«" concentrations in aqueous samples will be quantified
using a spectrophotometric technique developed by researchers at ORNL who have been
conducting R&D work related to chemical oxidation by potassium permanganate. Five Mn04
standard solutions will prepared in distilled water (concentration ranging from 5 to 50 ppm) using
reagent grade potassium permanganate, and their respective absorbances will be measured at a
wavelength of 525 nm using a Hach 2000 spectrophotometer. A calibration curve is then
prepared from the absorbance vs standard concentration data. The Mn04" concentration of an
aqueous sample will be quantified by measuring its absorbance at 525 nm, and calculating the
corresponding concentration from the previouslygenerated five-point calibration curve. Samples
with concentrations greater than the calibrated range will be dilutedto bring the concentration
within the calibration range. Samples will be filtered with a 0.45 urn membrane prior to analysis
via spectrophotometryto remove particulate matter that could interferewith the analysis.

This spectrophotometric method is substantially less time consuming than a morestandard titration
methodfor measuringMn04". The quality of the data generated by the spectrophotometric method
is deemed suitable for its use in defining optimum oxidant loadings for ISCO implementations at
the TAN site.

A2.4.2.2 Quality Assurance/Quality Control Calibration will be verifiedon each analysisday
by analyzing check standardsolutions (10 and 50 ppm) prepared on the same day using distilled
water and reagent-grade potassium permanganate. If the absorbance varies by 15%from the
predicted absorbance basedonthe calibration curve, than a new calibration curve will be
constructed.

A2.4.2.3 Data Package Components. A formal data packageis deemed unnecessaryfor these
analyses sincethe Mn04" measurements will onlybe used for establishing oxidant loadings.
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A2.4.3 Analysis of Aqueous and Solid Samples for TCE and DCE
A2.4.3.1 Method Description. Target chlorinated organic contaminants (TCE, cis- and trans-1,2-
DCE) in aqueous and solid samples from the ISCO reaction rate studies will be measured through
hexane extraction followed by gas chromatographic analysis of the hexane extracts. Chlorinated
organics in the hexane extract will be quantified using an HP5890 II GC/ECD and HP
ChemStation Software. Wherever possible, procedural and quality control guidelines from
SW846/Method 8000A (Gas Chromatography) will be followed to ensure the quality of the GC
analyses of the hexane extracts. Previous experience at ORNL has demonstrated that TCE
concentrations in aqueous and solid matrices as low as 10 ppb can be reliably measured with this
method.

Aqueous Extraction - Five mL aliquots of liquid from the reaction study vessels will be placed in
5-mL of hexane and shaken on a reciprocal shaker for at least 30 minutes prior to analysis.
Aqueous samples from the reactive experiments must be extracted with hexane immediately in
order to quench any oxidative reactions.

Solids Extraction - After pouring out any excess fluid from the reaction vessel, 100 mL of
hexane will be added to the reaction vessel to extract residual chlorinated organics from the solid
(-100 g). The reaction vessel with the hexane and solid matrix will be shaken for at least 30
minutes prior to analysis.

Analysis ofHexane Extract

Calibration: The procedure for external calibration found in Section 7.4.2 of SW846/Method
8000A will be followed. Calibration standards in hexane will be prepared from certified
calibration methanolic solutions and will include the following levels: 10, 50, 100, 500, 1000
ppb. One mL aliquots of these standards will be injected into the GC/ECD using an autosampler;
area count vs standard concentration data will be used to construct calibration curves. The

working calibration curve will be verified through the injection of a QC check standard (100 ppb)
at least once every analysis day. If the response for any analyte varies from the predicted
response by more than ±15%, a new calibration curve will be prepared.

Retention Time Windows: These will be established following Section 7.5 in SW846/Method
8000A.

GC Analysis: One uL aliquots of the extracts will be injected directly into the GC/ECD using an
auto sampler. If the response for any ofthe target analytes exceeds the response for the 1000 ppb
standard, the hexane extract is diluted and reanalyzed.

A2.4.3.2 Quality Control/QualityAssurance.

Calibration Checks - A QC check sample (100 ppb) will be analyzed on each analysis day. If the
response for any of the target analytes varies from the predicted response by more than 15%, a
new calibration curve will be prepared before any more samples are analyzed.

Method Blanks - A blank hexane sample will be analyzed between every 10 samples.

Precision and Accuracy - The precision and accuracy of the hexane extract analysis will be
established by four replicate analysis of a QC check standard prepared independently from the
calibration standards. The recovery (in ppb) and standard deviation (in ppb) ofthe recovery for
each target chlorinated organic will be tabulated and included in the QC data for the organics
analyses. This precision/accuracy check will be done once before initiating the laboratory
studies.

Duplicate aliquots will be collected, extracted, and analyzed for at least every tenth test sample.

Matrix Interference - Matrix spike and matrix spike duplicate analyses will not be conducted
because the water and solid materials will be artificially spiked with the target VOCs. Thus,
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extraction efficiency will be measured by comparing the analysis of the control samples (no
treatment) with the theoretical spiking levels.

Calculations -Equation 3 calculates the concentration of target organic contaminants in the
aqueous and solid samples.

Csample = Cextract x Vextract / Msample (3)

where

Csample = the concentrations in the sample

C extract = the concentrations in the hexane extracts

Vextract = the volume of hexane used to extract the sample

Msample = the mass of sample extracted.
A2.4.3.3 Data Package Components. An organics data package will be prepared based on
requirements for a Tier 2 sample data package outlined in Part II of the "Statement of work for
organics analyses performed for the Idaho National Engineering Laboratory Sample Management
Office" INEL-95/006 ER-SOW-169. Some components deemed inapplicable for this laboratory
treatability study have been eliminated.

The data package will include the following:

1. Narrative:

a. Laboratory name

b. Table of samples including sample number (assigned by ORNL), date
prepared/collected, date analyzed, calibration curve used (identified by date),
and description of when/where samples were collected

c. Summary of QC and analytical problems.

2. Chain of Custody forms:

a. Chain of custody forms will only be used for treatability study materials
(groundwater, sludgeand basalt) that will be sent by INEEL to ORNL. These
will be included in the data package. Chain of custody forms are unnecessary
for the samples that will be generated during the laboratory experiments.

3. GCQCData:

a. Method Blank Summary (Form IV VOA)

b. QC check sample summary (Form XI VOA including only target organics).

4. GC Sample Data:

a. Target analyte results (Form I VOA including only target organics).

5. Standards Data:

Initial (FORM VI including only target organics) and continuing calibration (FORM
VII including only target organics).

A2.4.4 Analysis of Aqueous and Solid Samples for Vinyl Chloride

A2.4.4.1 Method Description

It is suspected that the analysis of vinyl chloridewill requirea different analytical
approach. In gas chromatography analysis, the elution of vinyl chloride is often masked
by the presence of the extraction solvent (i.e., hexane). In orderto effectively quantify
vinyl chloride, purge and trap analysis is preferred over solvent extraction. Upon
purging, the aqueous samples will be will be quantified using an HP5890 II GC/FID andHP
ChemStation Software. Wherever possible, procedural and quality control guidelines from
SW846/Method 8000A (Gas Chromatography) will be followed to ensure the quality of the GC
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analyses of the hexane extracts. Previous experience at ORNL has demonstrated that vinyl
chloride in aqueous systems as low as 10 ppb can be reliably measured with this method.
Analysis of vinyl chloride will only be performed on the test series defined in Table A2.6 where
co-contaminants are added to the test reactors. For the vinyl chloride analysis, a separate 5 mL
aliquot will have to be collected (in addition to the 5 mL extract for hexane extraction) for the
purge and trap analysis. It may not possible to determine the remaining mass of vinyl chloride in
the test reactors following sampling of the last time interval. Calibration and Retention Time
Windows, etc. will be conducted similar to the approach outlined in 2.4.3.

A2.4.4.2 Quality Control/Quality Assurance

Calibration checks, method blanks, precision and accuracy, matrix interference, and
calculations will be conducted and reported in a fashion similar to that described in Section
A2.4.3.2

A2.4.4.3 Data Package Components

The vinyl chloride data package will be generated following the format discussed in 2.4.3.3 for
the TCE and DCE analyses.

A2.4.5 Analysis of Aqueous Samples for pH

A2.4.5.1 Method Description

pH analyses will be conducted on aqueous aliquots collected from the test reactors. The analyses
will be conducted using conventional pH meter/electrode procedures. Previous experience at
ORNL does not indicate that matrix interferences are created by the presence of KMn04 in the
test samples

A2.4.5.2 Quality Assurance/Quality Control

The instrument will be calibrated each day of use via standard buffer solutions of pH 4, 7, and 10.
A calibration check will also be conducted following the final pH sample to be analyzed at the
end of each day. Values obtained for the samples will be corrected via linear interpolation if a
significant drift occurred in the calibration check.

A2.4.5.3 Data Package Components

a. As discussed in 2.4.1, pH measurements will most likely not be used in any
decision making process regarding ISCO implementation. Hence, a formal
data package is deemed unnecessary for pH analyses.

A2.5 INEEL Activities to Support Off-Site Laboratory Studies

A2.5.1 General

Laboratory studies will be performed in laboratories at the Oak Ridge National Laboratory
(ORNL). INEEL will perform a variety of activities such as the following to support the
laboratory studies:

• Audit by the INEEL Sample Management Office of ORNL laboratories confirm that
the experimental results are technically sound

• Audit by the INEEL Environmental Affairs Department of ORNL laboratories to
confirm that the permits and procedures needed to comply with environmental
regulations are in place
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• Collection, packaging, and shipping of samples ofgroundwater, sludge, sediment,
and basalt to ORNL

• Disposal of the excess, unaltered samples

• Disposal of lab residuals that contacted organic sludge from TSF-05 if the sludge is
found to contain greater than 50 ppm PCB.

Laboratory audits and waste disposal are described in Section 7. Sample collection and
shipment are described in Section A2.5.2 through A2.5.6.

A2.5.2 Collection of Groundwater Samples

Groundwater will be collected from TSF-05 and TAN 29 to support the laboratory studies
described in Sections A2.1 and A2.2. There will be 80 L (21 gal) of water collected from TSF-05
and 30 L (8 gal) collected from TAN-29.

Groundwater will be collected following procedures described in Environmental Restoration
SOP-11.8, Groundwater Sampling, April 1994. Sampling equipmentwill be decontaminated
between wells following procedures described in Environmental Restoration SOP-11.5, Field
Decontamination ofSampling Equipment, luly 1994. The exceptions to SOP-11.5 are that either
deionized water or a detergent solution will be used instead of isopropanol as the decontaminating
solution, and that decontamination will be performed by wiping equipment with a terry cloth towel
soaked in the decontaminating solutioninstead of spraying the equipment with the decontaminating
solution.

A2.5.3 Sampling and Analysis Plan Tables for Groundwater and Sludge

The sampling and analysis plan (SAP) for collecting groundwater and sludge samples is included
in a document action request (DAR) for the Surge and Stress Plan TestArea North Groundwater
Remediation Operable Unit 1-07B (Tomlinson et al. 1996).

A2.5.4 Collection of Sludge Samples

Sludge samples will be collected from TSF-05 to support the laboratory studies described in
Sections A2.1 and A2.2. There will be 20 L (5 gal) of sludge collected.

Sludge samples will be collected in accordance with procedures described in TSF-05Sludge
Sampling Procedure, September 3, 1997.

A2.5.5 Collection of Basalt Samples

Two samples of basalt will be collected to support the lab studies described in Sections A2.1 and
A2.2. Both samples will be collected by subsampling core from TAN-37, which will then be
processed to generate two grain-size ranges. The core was surveyed for radiological
contamination as it was collected, and was found to be free of radiological contamination above
background levels.

Core from TAN 37 is presently stored at the temporary accumulation area (TAA) at the TAN
Groundwater Treatment Facility (GWTF).

The procedure for subsampling the core and sizing the material is described below.

1. Collect samples from the interflow zones between depths of 61 and 122 m (200 and
400 ft) below ground surface. Collect material from the uppermost interflow first,
and then from successively deeper interflow zones until sufficient material has been
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collected. Collect samples from the vesicular portions of flows, but not from the
massive flow interiors.

2. Air dry the samples.

3. Two grain-size fractions are required for laboratory studies: (1) a coarse fraction
with pieces falling between 1.8- to 2.5-cm (1/2- to 1-in.), and (2) a fine fraction with
pieces smaller than 0.3-cm (1/8-in.) in diameter.

a. Generate the coarse fraction by manuallyselecting pieces in this size range
and larger than this size range. Using the hammer and chisel and rock crusher
in custody of the Subsurface Science Program and located in building TAN-
607, reduce the size of larger pieces. Sieve the crushed rock using 2.5-cm (1-
in.) and 1.8-cm (1/2-in.) sieve. Keep the fraction that passes the 2.5-cm (1-
in.) sieve but is retained on the 1.8-cm (1/2-in.) sieve. There are 5 kg (11 lb)
of this size fraction required.

Contact Rick Colwell at 526-0097 to coordinate use ofthe rock crusher.

Remove the rock crusher from the glove bag prior to use.

b. Generate the fine fraction by using the rock crusher to reduce the size of
larger pieces of basalt until they are in the desired size range. Sieve the
crushed rock using a 0.4-cm (1/8-in.) sieve and a pan. Keep the fraction that
passes through the 0.4-cm (1/8-in.) sieve. There are 7.5 kg (16.5 lb) of this
size fraction required.

4. Store processed basalt samples in two liter wide mouth plastic bottles, such as Fisher
Scientific Catalog number 11-815-11Aor similar. Samples can be stored at room
temperature.

5. After collection of the samples, they will be assayed for radiological contamination
and shipped to the ORNL laboratory.

Basalt that is crushed but does not fall into the required size fractions will be disposed in the
existing OU 1-07B drill cutting waste streams.

Equipment used for preparing the basalt sampleswill be decontaminatedby wiping it with terry
cloth towels soaked in a detergent solutionand then with a terry cloth towel soaked in deionized
water. The used towels will be disposed in the Waste Stream 1935.

A job safety analysis will be prepared prior to commencingthis activity.

A2.5.6 Collection of Sediment from Fractures in Basalt

Sediment will be collected from fractures in basalt core samples from TAN. Sediment will be
collected from core from TAN-48 below the PQ interbed. If more sediment than can be collected
from this core is needed, then additional sediment willbe collected from archived core samples.

Approximately 2 kg of sediment will be placedintoa 2L plastic bottlefor storage and shipment.
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A2.5.7 Sample Storage and Shipment

Groundwater andsludge samples will be stored at 4°C between collection and shipment.
Groundwater andsludge samples will be shipped in insulated containers with reusable coldpacks.
Basalt and sedimentsamples will be stored at room temperature between processingand
shipment, and will be shipped at room temperature.

Groundwater, basalt, and sediment samples will be shipped to:
Dr. Olivia West

Oak Ridge National Laboratory
Building 1505, Room 224
Bethel Valley Road
Oak Ridge, TN 37831
(423) 576-0505

Sludge samples will be shipped to :

Joe Giaquinto
Oak Ridge National Laboratory
Bethel Valley Road
Building 2026
Oak Ridge, TN 37831
(423)574-4887
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Laboratory Test Plan
Laboratory Evaluation of In Situ Chemical Oxidation as a Technology for

Groundwater Restoration at the INEEL TAN Site

Bl. Introduction

This laboratory test plan, completed to fulfill the requirements of SOW Task la, describes, in
detail, the laboratory experiments to be performed during SOW Tasks 2-4. The discussion of
these tasks also includes information about the quality assurance and control (QA/QC) elements
that will be used during performance of the treatability study. The experiments described in this
test plan serve as the current approach expected to be conducted; however, the materials and/or
methodology may be modified if actual conditions in the laboratory warrant. Any modifications
will be clearly noted and documented.

B2 Preliminary Laboratory Studies

These studies will be conducted to assess whether the equipment and/or approach planned for the
experiments in Tasks 3 and 4 is appropriate. In particular, Task 2 studies include: (a)
development and assessment of a reaction vessel (reactor) to be used in the Task 4 experiments,
(b) determination of the optimum hexane extraction time for each media being evaluated in Task
4, and (c) the optimal equilibration time to use for TCE spiking of the aggregate basalt for Task 4.

B2.1 Reactor Development (Task 2a)

The reaction studies with TCE and KMn04 (Task 4) will be performed under controlled
conditions. VOC losses from the reaction vessels due to volatilization mechanisms need to be

rnmimized and quantified. Zero headspace extraction vessels (ZHEs) often used by ORNL
researchers cannot be used due to their small sample capacity (130 mL). Thus, alternative
reactors will be needed. Upon acquisition of new reactor vessels, this laboratory task will
evaluate the performance of these vessels. In particular, the amount of TCE expected to be lost
from the reactors will be quantified via a mass balance approach. The Task 4 reaction studies will
be conducted using approximately 500 mL of INEEL TAN groundwater or a 500 mL slurry (4:1
L/S weight ratio) of TAN groundwater and solid phase media at a temperature of 12° C. This
evaluation task, however, will be conducted using distilled water at room temperature spiked with
TCE.

Currently, a glass reaction kettle will be evaluated. This reactor has a total gross volume near 500
mL, and consists of a glass reactor body and adapter top. A Teflon™ sleeve will be used as a seal
to maintain liquid and gas-tight conditions. This port will be used for sampling, introducing
KMn04, etc.

Due to the high organic content of the TAN site media, particularly the TSF-05 sludge, the
reactor(s) may pressurize while the oxidation reaction(s) occurs. To reduce the health and safety
risk, the reactors may need to be vented. For this situation, the bottom opening of a sampling
port adapter will be covered with a thin LDPE film such as Parafilm M™ or aluminum foil to serve
as a "pressure relief valve," with the assumption that the pressure buildup to rupture this thin film
is much less than that required to force the ground glass adapter from the top of the reactor. Any
emissions escaping through this film via either rupture or natural diffusion will be passed through
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a desorption tube for quantification prior to its release to the atmosphere. (The quantity of TCE
that may diffuse across this thinfilm under non-pressurized conditions is expected to be minimal
but will be evaluated). Such desorption tubes contain two (2) successive activated charcoal filter
beds and are typically used in industrial hygiene air sampling devices. Any TCE that is volatilized
from the reactor shouldbe retained via adsorption onto the charcoal mediaand can later be
extracted withhexane for quantification. The overall performance of this reactorconfiguration
will be evaluated to complete this task.

Experiment 2a-1. Evaluation of the rubber septum to reduce TCE losses.
(To be conducted at ORNL/ESD)
The reactor sampling port may befitted with a thick rubber septum for the purpose of sample
collection viaa wide boreneedle. Thus, this experiment will assess how well the fitting between
the septum and the ground glass port opening niiriirriizes TCE losses. The effect of performing
repeated aliquot sampling through the septum will also be evaluated.

A 250 mL flask or equivalent having onlya single 24/40 std taper opening will be used. This
experiment will be conducted at room temperature.

1. A 100 mg/L aqueous TCE solution («650 mL) will be prepared andallowed to equilibrate for
at least 30 minutes. The solution will beprepared ina Tedlar Bagusing DI water andpureTCE.
Measure the mass of the spiking syringe whenfilled and then after spiking to record the total TCE
mass added to the reactor (a QCcheck on the initial TCE analysis). Information regarding the
preparation of the spiking solution will be recorded in the laboratory research notebook.

2. Dispense the solution into 2 tared test containers, re-weigh and record themass of TCE spike
solution added to each. Duplicate 0.5 mLsamples of the spike solution will be collected
immediately before the septa is added to the test containers in order to determine the initial TCE
concentration.

3. The aliquot samples will be added to pre-weighed vials holding a known volume of hexane.
Each sample container will be weighed again after sample addition to determine the actual weight
of sample added. (Acalibration check of the gravimetric scale will be performed eachday of
use.) All such extracts will be placed on a horizontal shaker for 30 rninutes. Store the extracts at
4°C until G.C. analysis.

4. Record the time that these duplicate samples arecollected andthe septum is placed onto each
container. (Complete zero headspace conditionscannot be achievedhere since excess water
cannot be expelled from thecontainers as the septa are applied.)

5. After 2 hours, collect duplicate aqueous samples from one of the containers by puncturing the
septum with the sampling syringe (wide boreneedle desired since laterexperiments will be
soil/sludge slurries). The septum will have to be punctured by a second needle in order to pull the
samples into the syringebody. Do nothing to the other test container.

6. Extract and dilute the samples as needed (described above).
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7. Repeat this sampling technique at least 5 more times over a periodof 24 hours for the 1st test
container.

8. Collect duplicate aqueous samples fromthe second test container after24 hours. (This will be
the first time that the septum ofthe 2nd test container ispunctured.)

9. Analyze the extracts via GC/ECD for TCE quantification. G.C. analyses will be conducted
closely following EPA Method 8000B, ensuring that a daily caUbration check, blanks, etc. are also
analyzed on each analysis day. Formal datapackages, as outlined in Section 2.4.3.3 of theChapter
2 Implementation Plan willnot be prepared for this experiment.

10. Prepare a TCE mass balance to determine total mass of TCE not accounted for in either the
remaining spike solution in the vial or in the sample aliquots for eachtest container. Also place
any waste materials generated from the experiment in the appropriate satelliteaccumulation area.

Experiment 2a-2. Evaluation of the pressure relieffitting to rrmimize and quantify TCE losses
(To be conducted at ORNL/ESD)
A shakedown experimentalreadyconducted has shown that a thin layer of Parafilm-M material
(wax based) is easily ruptured when placed on an otherwise sealed container in less time than is
required to remove a rubber septum when a constant volume and rate of air is added to the
container. However, a highdegree of TCE diffusion is suspected through this type of material. A
similar test was performed using aluminum foil as the thinfilm covering the bottom of the adapter.
While desirable in the fact that TCE diffusion is likely minimal, the aluminum foilpossessed a
great deal of tensile strength in this configuration and could not be easilyruptured by
pressurizationof an erlenmeyer flask with air. For the purpose of this experimentfour (4)
different conditions will be evaluated: (a) no thin film, (b) Parafilm M, (c) aluminum foil
punctured with a single pinhole (to reduce tensile strength), and (d) DuraSeal™, a solvent
resistant LDPE film. Erlenmeyerflasks (125 mL) or equivalent containers having a 24/40 std.
taper opening willbe used in this experiment. There willnot be an attempt to pressurize these
containers. The "no thin film" set-up will represent the ruptured filmcase. This experiment will
be conducted at room temperature.

1. Prepare the 24/40 std. Taper adapters as described above (a-d), securing the edges of each thin
filmby addition of a Teflon sleeve onto the ground glass fitting.

2. Assemble the ORBO-32 Tubes. Two ORBO-32 tubes will be used in series for each container

in the event that the TCE adsorption capacityof the first tube is exceeded. Using Phers, break the
ends of two ORBO tubes. Smooth the broken ends with a file and connect them in series using
tygon tubing. Orient them such that the "A" charcoal bed of each tube is first in line.
["A" is the larger of the two (100 mg charcoal), "B" contains 50 mg charcoal.]
NOTE: STORE THE OPENED ORBO TUBES OUTSIDE OF THE LABORATORY FUME

HOODS. THE HOODS LIKELY HAVE THE GREATEST POTENTIAL FOR

"CONTAMINATING" THE TUBES WITH TCE AND OTHER VOCs.
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3. A 100 mg/L aqueous TCE solution (*1200 mL) will be prepared in a Tedlar bag and allowed
to equilibrate overnight prior to being distributed into each container. (Preparing only one spiking
solution, allows for each test set-up to have the same initial conditions). Measure the mass of the
spiking syringe when filled and thenafter spiking to record the total TCE mass addedto the
reactor (aQC check on the initial TCE analysis). Information regarding the preparation ofthe
spiking solution will be recorded in the laboratory research notebook.

4. Fill each test container and collect duplicate 0.5 mL samples ofthe spike solution immediately
before the containers are sealed in order to determine the initial TCE concentrationin each.

5. The duplicate aliquot samples will beadded to pre-weighed vials holding a known volume of
hexane. Each sample container will be weighed again after sample addition to determine the
actual weight ofsample added. (A calibration check ofthe gravimetric scale will be performed
each dayof use.) All such extracts will be placed on a horizontal shaker for 30 minutes. Store
the extracts at 4°C until G.C. analysis.

6. Record the time at which each sample is collected andthe container is closed.

7. After 4 hours, remove the adapter from each container and collect an aqueous sample (0.5
mL) Extract and dilute the samples as needed for G.C. analysis for eventual analysis of the
remaining TCE concentration in the solution. Store the extracts at4°C until G.C. analysis.

8. For each container, separate the contents ofeach charcoal bed into separate vials pre-weighed
with aknown volume ofhexane then reweigh the vials to determine the mass ofcharcoal present.

9. Extract these samples for 30 minutes and dilute as needed for G.C. analysis as done for the
aqueous aliquots.

10. Analyze the extracts via GC/ECD for TCE quantification. G.C. analyses will beconducted
closely following EPAMethod 8000B, ensuring that a daily calibration check, blanks, etc. are also
analyzed on each analysis day. Formal datapackages, as outlined in Section 2.4.3.3 of the
Chapter 2 Implementation Plan will not beprepared for this experiment.

11. Prepare aTCE mass balance on each container to determine which thin film configuration
best minimized the mass ofTCE that escaped from the reaction chamber. Also place any waste
materials generated from theexperiment in the appropriate satellite accumulation area.

Experiment 2a-3-A. Overall performance of the test reactor
(To be conducted at ORNL/ESD)
In this experiment a complete reactor will be set up using the most optimal component(s) from the
previous Task 2a experiments described above. To be consistent, a 100 mg/L TCE spike solution
will be used here as well; however, this experiment will be conducted at approximately 12-15°C.
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1. Set up a reactor, ensuring that a Teflon sleeve is fitted onto the glassadapter to be used. The
top of the adapter will be sealed (Teflon stopper) during spiking and equiUbration to minimize the
mass of TCE lost.

2. FiU the reactor with distiUed water, minimizing the headspace volume inside of the reactor. A
record of the DI water volume added wiU be maintained.

3. Spike the reactor withTCE, DesiredConcentration: 100 mg/L
Add a mass of pure phaseTCE (density of 1.456 g/mL) to the Uquid volume inside of the reactor
that wiU yield a TCE solution of 100mg/L. Measure the mass of the spiking syringe when filled
and then after spiking to record the total TCE mass added to the reactor (a QC check on the
initial TCE analysis). Information regarding the preparation of the spiking solution wiU be
recorded in the laboratory research notebook.

4. Replace the removed stopper back onto the adapter and allow the solution to equiUbrate at
leastovernight in an incubator maintained at 12-15°C. (Record the equiUbration period and
temperature).

5. During the equiUbration period, prepare an ORBO-32 assembly in the standard taper adapter
and cover the bottom end of the adapter with the selected thin film [parafilm].
STORE UN-SEALED ORBO TUBES OUTSIDE OF THE LABORATORY FUME HOODS.

THE HOODS LIKELY HAVE THE GREATEST POTENTIAL FOR "CONTAMINATING"
THE TUBES WITH TCE AND OTHER VOCs.

6. After equiUbration, collect dupUcate («0.5 mL) aqueous samples from the reactor (from the
glass adapter that is sealedwith a stopper) The aUquot samples wiU be added to pre-weighed
sample containers holding a known volume of hexane («5 mL). Each sample container wiU be
weighed again after sampleaddition to determine the actual weight of sample added. (A
caUbration check of the gravimetric scale wiU be performed each day of use.) AU such extracts
wiU be placed on a horizontal shaker for 30 minutes. Store the extracts at 4°C untU G.C. analysis.

7. Replace the adapter sealed with the stopper with one fitted with the charcoal desorption tube
assembly from Step 5. Record the time the samples in the step above are coUected and the
desorption tube is added as Start Time=0.

8. CoUect at the foUowing time intervals in the same manner as performed in step 6: 30 min, 60
min, 2 hrs, 4 hrs, 24 hrs (duplicate), 30 hrs, 48 hrs. The exact time at whicheach aUquot is
coUected wiU be recorded.

9. Breakdown the reactor after the last sample is coUected. The charcoal desorption tube wiU
then be removed fromthe reactor. Each charcoal bed containedin the tube wiU be placed into a
pre-fiUed and pre-weighed vial containing a known volume of hexane («5 mL). These extracts
wiU be processed and analyzed in the same manner as the aqueous aUquots.
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NOTE: The contents of such a test reactor will be extracted at the end of the experiments in
Task 4 but is notnecessary here since a solidphase is notpresent.

10. Analyze the sample and charcoal extracts via GC/ECD for TCE. G.C. analyses wiU be
conducted closely foUowing EPA Method 8000B, ensuring thata daily caUbration check, blanks,
etc. are also analyzed on each analysis day. Formal data packages, as outlined in Section 2.4.3.3
of theChapter 2 Implementation Plan wiU not be prepared for this experiment.

11. Perform a mass balance for the reactor, taking sample aUquot volumes, initial concentrations,
etc. into account to determine the overaU reactor performance in maintaining gas-tight
conditions. Also place any waste materials generated from the experiment in the appropriate
satelUte accumulation area.

Experiment 2a-3-B. OveraUperformance of the test reactor

(To be conducted at ORNL/ESD)
In this experiment a complete reactor wiU be setup using the most optimal component(s) from the
previous Task 2a experiments. A 100ppb TCE spikesolution wiU be used here as weU; however,
this experimentwiU be conducted at approximately 12-15°C.

1. Set up a 500 mLFlask (29/42 S.T.), ensuringthat a Teflonsleeve is fitted onto a Standard
Taper Stopper. (WUl used during spiking andequiUbration to rninimize themass of TCE lost)

2. FiU the reactor with 500 mLled water. A record of the DI water volume added wiUbe
maintained.

3. Spike the reactor with TCE, Desired Concentration: 100 ppb
Add approximately 50 microUters of SATURATED TCE solution to the flask. Information
regarding thepreparation of thespiking solution wiU be recorded in the laboratory research
notebook.

4. Replace the stopper backand aUow the solution to equiUbrate at least overnight in an
incubator maintained at 12-15°C. (Record the equiUbration period and temperature).

5. During the equiUbration period, prepare anORBO-32 assembly and connect it to the stopcock
adapter.

STORE UN-SEALED ORBO TUBES OUTSIDE OF THE LABORATORY FUME HOODS.
THE HOODS LIKELY HAVE THE GREATEST POTENTIAL FOR "CONTAMINATING"
THE TUBES WITH TCE AND OTHER VOCs.

6. After equiUbration, replace the stopper with the stopcock assembly.
7. CoUect dupUcate («5 mL) aqueous samples from the reactor by opening the stopcock and

inserting the long sampling needle, (collect one using a glass syringe and one using a
plastic disposable syringe) The aUquot samples wffl be added to pre-weighed sample
containers holding a known volume of hexane («5 mL). Each sample container wiU be
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weighed again after sample addition to determine the actual weight of sample added. (A
caUbration check of the gravimetric scale wiU be performed each day of use.) All such
extracts wiU be placed on a horizontal shaker for 2 hours. Store the extracts at 4°C until G.C.
analysis.

8. Record the time the last sample in the step above is coUected and record as Time=0.

9. CoUect at the foUowing time intervals in the same manner as performed in step7: 1 hour, 2
hrs, 4 hrs, 18 hours , and 24 hrs (in duplicate-collect oneusinga glasssyringe andone usinga
plastic disposable syringe). The exact timeat which each aUquot is coUected wiU be recorded.

10. Breakdown the reactor after the last sample is coUected. The charcoal desorption tube wiU
then be removed from the reactor. Each charcoal bed contained in the tube wiU be placed into a
pre-fiUed and pre-weighed vial containing a known volume of hexane («5 mL). These extracts
wiU be processedand analyzed in the samemanner as the aqueous aUquots.

11. Analyze the sample and charcoal extracts via GC/ECD for TCE. G.C. analyses wiU be
conducted closelyfoUowing EPA Method 8000B, ensuring that a daUy caUbration check, blanks,
etc. are also analyzedon each analysis day. Formal data packages, as outlined in Section 2.4.3.3
of the Chapter2 Implementation Plan wiU not be prepared for this experiment.

12. Perform a mass balancefor the reactor, taking sample aUquot volumes, initial concentrations,
etc. into account to determine the overaU reactor performance in maintaining gas-tightconditions.
Also placeany waste materials generated from the experiment in the appropriate satelUte
accumulation area.

B2.2 Determine Time Required for Hexane Extraction of TCE from Organic Sludge,
Sediment, and Basalt (Task 2b)

A 30 minute extraction time period was used for the Task 2a Reactor Development experiments
involving only aqueous TCE solutions; however, this task wiU help determine what the most
effective extractionperiod is for each medium beingevaluated: groundwateror groundwaterwith
crushed basalt, aggregate basalt (foUowing experiment 2c-1), sludge, or sediment at a 4:1
Liquid/SoUd ratio. (Note that the hexane extraction period for aggregate basalt cannot be
evaluated until after Task 2c, 'TCE equiUbration with aggregate basalt" is completed.) In this
batch experiment, several aUquot samples wiU be taken with time as a TCE spiked mixture is
beingextracted with hexane. Samples wiU be taken of both the solvent and aqueous phases. The
aqueous phase wiU be further evaluated by determining the fraction of TCE present in both the
Uquid and soUd phases at each time interval. AU media to be used in this experiment wiU be oven-
dried, and the groundwater wiU be sparged to remove any initialTCE in order to conduct this test
under controUed laboratory conditions. Each media type wiU be evaluated in dupUcate. For these
experiments, only a single initial TCE concentration wUl evaluated: 1 mg/L TCE for the reactive
zone mediaand 100 mg/L TCE for the hot spot media. The contaminant equiUbration period wUl
be conducted at 12-15°C; however, the hexane extraction portion of the experiment wiU be
conducted at room temperature.
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Experiment 2b-1. Hexane Extraction Test for the Reactive Zone Media

(To be conducted at ORNL/ESD)
1. Prepare a STOCK (Saturated) TCE solution (2000 mg/L) by adding 100 p.L of Pure TCE into
a 12 mL VOA vial fiUed to volume withDI Water and aUow to equiUbrate overnight at room
temperature. (Use of a STOCK solution rather than pure phase TCE to prepare the spiking
solution affords better accuracy in obtaining the target concentration.)

2. Obtain the tare weight of the container to be used to prepare the spike solution (Tedlar bag,
flask, or equivalent). FiU with approximately 300 mL of groundwater fromTAN-40previously
sparged of any residual TCE or other VOCs that may have been present. (Properly indicate usage
of this media in the treatabiUty study tracking logbook.). By gravimetric methods, determine the
amount of groundwater added to the container, and then place in an environmental chamber at
12-15 °C overnight. (A caUbration check of the gravimetric scale wiU be performed each day of
use.)

3. After temperature equiUbration of the groundwater, remove the container from the incubator
and add the appropriate quantityof the Saturated STOCK TCE solution to produce a TCE spike
concentration of 1.0 mg/L. (Reactive zone media wiU only be spiked at 0.1 and 1 mg/L TCE
during the Task 4 degradationstudies.) This solution can be mixed and equiUbrated within a few
minutes.

4. After mixing, obtain dupUcate aqueous samples (« 5 mL) of the spike solution to obtain the
initial TCE concentration of the spiked groundwater. The dupUcate aUquot samples wiU be added
to pre-weighed samplecontainers holding a known volume of hexane (« 5 mL). Each sample
container wiU be weighed again after sample addition to determine the actual weight of sample
added. These extracts wiU be placed on a horizontal shaker for 30 minutes. Store the extracts at
4°C until G.C. analysis.

5. Obtainthe tare weight of six (6) 40 mL VOA vials. Add approximately 10 g of crushed (<
1/8" size fraction) basalt to two of these vials, and approximately 10 g of sediment to two more of
the vials. These materials should be previously dried to remove any residualTCE that mighthave
been present. Re-weigh the vials to determine the exact masses added. (Properly indicateusage
of this media in the treatabiUty study tracking logbook.)

6. Completely fill the remaining volume of aU of the 40 mL vials with the spiked groundwater,
and reweigh each vial to determine the total volume of spike solution added. Record the time
each vial is fiUed and capped. Place the vials on an orbital shaker maintained at 12-15°C and
allow the spike solution and media (if appUcable) to equiUbrate overnight.

7. Obtain a tare weight on six empty containers to be used for the hexane extractions (125 mL
VOA bottles with Teflon lined caps). Add 40 mL of hexane to each of these andreweigh.

8. Remove the 40 mL vials from the shaker/incubator. Pour the entire contents of each 40 mL

vial into a separate 125 mL extraction bottle. Reweigh each extraction bottle and record the time
as "extraction time=0". (The amount of TCE that may have been lost during contaminant
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equiUbration wiU not be directly determined, but would be expected to be approximately the same
for each 40 mL vial.)

9. Place each extraction jar on a horizontal reciprocating shaker at room temperature. CoUect a
1 mL aUquot of the hexane layer from each extraction bottle at the foUowing approximate time
periods: 5 minutes, 30 minutes, 2 hours, and 24 hrs. Place these samples directly into a GC Vial
(2 mL). (CaUbrate the pipette used to coUect the ahquot) Record the time the sample was
coUected. Store at 4°C untU analyzed (no dilution wiU be necessary).

10. Also coUect (using a disposable syringe with a luer-lok tip) a 6 mL aUquot of the aqueous
layer from the extraction bottle at the same time periods used in Step 9: 5 minutes, 30 minutes, 1
hour, 3 hours, and 24 hrs. Dispense Vi of the aUquot («3 mL) directly into 12 mL VOA vial that
is pre-weighed and pre-fiUed with hexane («3 mL). Using a 0.45nm syringe filter, filter the
remaining aUquot volume in the syringe (« 3 mL) into another 12 mL VOA vial that is pre-
weighed and pre-fiUed with hexane («3 mL).

11. Re-weigh each of these 12 mL VOA vials in the above step to determine the total sample
volume added to each. Place these samples on a reciprocating shaker for at least 30 minutes.
Store these extractions at 4°C if not analyzed immediately.

12. Analyze via GC/ECD for TCE, diluting if necessary. G.C. analyses wiU be conducted closely
foUowing EPA Method 8000B, ensuring that a daUy caUbration check, blanks, etc. are also
analyzed on each analysis day. Formal data packages, as outlined in Section 2.4.3.3 of the
Chapter 2 Implementation Plan wiU not be prepared for this experiment.

13. Using the analytical results (TCE in the hexane phase, aqueous phase, and soUd phases),
select the extraction time period that is most effective and efficient for each media type evaluated.
Also place any waste materials generated from the experiment in the appropriate sateUite
accumulation area.

Experiment 2b-lb Matrix Spike Study (September 1998)

(To be Conducted by ESD)
Make sure aU scales and pipettes used are properly caUbrated.
AU TAN material is to be sparged or dried prior to use in the experiment.

Obtain Tare Weights of twelve (12) 40 mL VOA Vials

FiU Vials 1&2 almost to volume with DI Water

FiU Vials 3&4 almost to volume with TAN-40 GW

FiU Vials 5&6 almost to volume with TSF-05 GW

FiU Vials 7&8 with 10 g Aggregate Basalt
FiU Vials 9&10 with 10 g Crushed Basalt
FiU Vials 11&12 with 10 g Sediment (2nd shipment)
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Re-weigh Vials 7-12.

Now add DI waterto vials 7-12, almost filling to volume.

Using a SATURATED TCE solution, add 10 uL (.01 mL) into each vial and quickly fill to
volume using DI water, cap.
THIS IS THE PIPETTE THAT REALLY NEEDS CALIBRATED PRIOR!!!!
NOTE: DO THE ABOVE STEP ONE AT ATIME! [-Record time of spiking

Re-weigh aU vials to obtain final masses of material added.
AUow the vials to equiUbrate at 12Covernight.

NEXT MORNING:

Obtain tare weights of twelve 125 mLjars (provided)
Add approx 40 mL of hexane to each jar
Reweigh to obtain the amount of hexane added

Remove the 12-40 mL vials from the incubator.

Transfer contents of each40 mLvial into each 125 mL jar- Record Time
Re-weigh both the jar and the "emptied" VOA vial.

Extract the jars on a shaker for 2 hrs and then coUect a 1mL sample from each for GC analysis
(no dUutions wiU be needed)

Run Samples on GC, lab 211 method: ineelecd.mth

Experiment 2b-2. Hexane Extraction Test for Aggregate Basalt.
(To be conducted at ORNL/ESD)
NOTE: This experiment cannot be completed until Exp. 2c-l, Aggregate Basalt Equilibration is
completed.

1.Spargeanyresidual TCE or otherVOCs fromthe TAN-40 groundwater to be used. Also
oven-dry the TAN-37 aggregate basalt sample to beused. (Properly indicate usage of this media
in the treatabiUty study tracking logbook.)

2. Prepare a STOCK (Saturated) TCE solution (2000 mg/L) by adding 100 |jL of Pure TCE into
a 12 mL VOA vial fiUed to volume with DI Water and aUow to equiUbrate overnight atroom
temperature. (Use ofa STOCK solution rather than pure phase TCE to prepare the spiking
solution affords better accuracy in obtaining the target concentration.)

3. Obtain the tare weight ofthe container to be used to prepare the spike solution (Tedlar bag,
flask, or equivalent). FiU with approximately 200 mL ofgroundwater from TAN-40 previously
sparged ofany residual TCE orother VOCs that may have been present. By gravimetric
methods, determine the amount ofgroundwater added to the container, and then place in an
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environmental chamber at 12-15 °C overnight. (A caUbration check of the gravimetric scale wiU
be performed each day of use.)

4. After temperature equiUbration of the groundwater, remove the container from the incubator
and add the appropriate quantity of the Saturated STOCK TCE solution to produce a TCE spike
concentration of 1.0mg/L. (SHOULD BEAPPROX. 0.2 mLfor 200 mL ofgw) Record the
actual weight used. (Reactive zone media wiU only be spiked at 0.1 and 1mg/L TCE during the
Task4 degradation studies.) This solution canbe mixed andequiUbrated within a few minutes.

5. After mixing, obtain dupUcate aqueous samples (« 5 mL) of the spike solution to obtain the
initial TCE concentration of the spiked groundwater. The dupUcate aUquot samples wiU beadded
to pre-weighed sample containers holding a known volume of hexane (« 5 mL). Each sample
container wiU be weighed again after sample addition to determine the actual weight of sample
added. These extracts wiU be placed on a horizontal shaker for 2 hrs. Store the extracts at 4°C
untU G.C. analysis.

6. Obtain the tareweight of four (4)40 mL VOA vials. Add approximately 10g of aggregate
basalt to two of these vials. Re-weigh these vials to determine the exact masses added.

7. Completely fill the remaining volume of aU of the 40 mLvials with the spiked groundwater,
and reweigh each vial to determine the total volume of spike solution added. Record the time
each vial is fiUed and capped. Place the vials on an orbital shaker maintained at 12-15°C and
aUow the spike solution and media (if appUcable) to equiUbrate for the lengthof time determined
in Exp. 2c-1.

8. Obtain a tare weight on four empty containers to be used for the hexaneextractions (125 mL
VOAbottles withTeflon lined caps). Add 40 mL of hexane to each of these and reweigh.

9. Remove the 40 mL vials from the shaker/incubator. Pour the entire contents of each 40 mL
vial into a separate 125 mL extraction bottle. Reweigh each extraction bottle to obtain the mass
of material actuaUy transferred and record the time as "extraction time=0". (The amount of TCE
that mayhave been lost during contaminant equiUbration wiU not be directly deteimined, but
would be expected to be approximately the same for each 40 mL vial.)

10. Place each extraction jar on a horizontal reciprocating shaker at room temperature. CoUect a
1 mL aUquot of the hexane layerfrom each extractionbottle at the foUowing approximate time
periods: 2 hours, 4 hours, 6 hrs, and 24 hrs. Place these samplesdirectlyinto a 2 mL GC Vial.
Record the time the sample was coUected. Store at 4°C untU analyzed (no dUution wiU be
necessary).

11. Also coUect (using a disposable syringe witha luer-lok tip) a 6 mL aUquot of the aqueous
layer fromthe extraction bottle at the same timeperiods used in Step 10: 2 hours, 4 hours, 6 hrs,
and24 hrs. Dispense Vi of the aUquot («3 mL) directly into 12mLVOA vial that is pre-weighed
and pre-fiUed withhexane («3 mL). Using a 0.45^m syringe filter, filter the remaining aUquot
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volume in the syringe(« 3 mL) into another 12 mL VOA vial that is pre-weighed and pre-fiUed
with hexane («3 mL).

12. Re-weigh each ofthese 12 mL VOA vials in the above step to determine the total sample
volume added to each. Place these samples on a reciprocating shaker for at least 30 minutes.
Store these extractions at 4°C if not analyzed immediately. No dilutions should be necessary.

13. Analyze via GC/ECD for TCE, diluting if necessary. G.C. analyses will be conducted closely
following EPA Method 8000B, ensuring that a daily calibration check, blanks, etc. are also
analyzed on each analysis day. Formal data packages, as outlined in Section 2.4.3.3 of the
Chapter 2 Implementation Plan will not be prepared for this experiment.

14. Using the analytical results (TCE in the hexane phase, aqueous phase, and solid phases),
select the extraction time period that is most effective and efficient for each media type evaluated.
Also place any waste materials generated from the experiment in the appropriate satellite
accumulation area.

Experiment 2b-3. Hexane Extraction Test for the Hot Spot Media

(To be conducted at RMAL)

In conjunction with the hexane extraction time studies, a baseline characterization of the hot spot
media will be performed. This characterization will involve a total organic carbon analysis, a gross
alpha and beta determination, and finally a gamma scan of the material.

The total organic carbon analysis will be performed on the TSF-05 sludge (wet and dry) following
the guidance in SW846 method 9060 and the manufacturer's operating instructions provided with
the instrument. Since a dried aliquot of the sludge will be used in the tests, moisture content of
the sludge will also be obtained.

The radiochemical analysis will be performed on an acid digested portion of the dried sludge. The
digestion will be performed following CASD-AM-SW846-3051 Microwave AssistedAcid
Digestion ofSediments, Sludges, and Oils. The digestates will then be analyzed for gross alpha
and beta and a gamma scan will be performed using the appropriate procedures in Table B2.1.
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Table B2.1. Analytical Methods for Hot Spot Media Sludges

Methods Analysis

Gross Alpha and Gross Beta Radioactivity in
Drinking Water (CASD-AM-EPA-900.0)

Gross alpha and beta radioactivity sample
preparation

Gamma-emitting Radionuclides in Drinking
Water (CASD-AM-EPA-901.1)

Gamma emitting radionuclides sample
preparation

Operation ofPackardMO 2500TR Liquid
Scintillation Counter

(CASD-AM-RML-RA12)

1. Total activity by liquid scintillation
2. Sum of alpha- and beta-emitting
radionuclides analysis

Operation and Calibration ofthe Tennelec
LB4000 (CASD-AM-RML-RA02)

Gross alpha and gross beta analysis

Operation and Calibration ofthe Canberra,
Nuclear Data Genie - ESP Data Acquisition
and Processing (CASD-AM-RML-RA04)

Alpha and gamma spectroscopy data
acquisition and processing system

The hexane extraction time experiment will be performed according to the following steps:

1. Sparge any residual TCE or other VOCs from the TSF-05 groundwater to be used. Also oven-
dry the sludge sample to be used. (Properly indicateusage of this media in the treatability study
tracking logbook.)

2. Prepare approximately 200 mL of TCE spiking solution in a Tedlar™ bag, which allows for
effective mixing under zero headspace conditions. Record the tare weight of the Tedlar bag. Fill
the bag using groundwaterfrom TSF-05. By gravimetric methods, determine the amount of
groundwater actually added to the Tedlar bag. Next, add the appropriate quantity of pure phase
TCE to produce a TCE spike concentration of 100 mg/L. SHOULD BE APPROXIMATELY 14
pL NOTE: TCEspg= 1.456 mg/uL Pleaserecordthe actual mass addedby determining the
weight ofthe spiking syringe when it is "full" and after the TCE has been delivered. (The hot
spot media will actually be evaluated using initial concentrations of 10, 100, and > 1,000mg/L
TCE in the Task 4 degradation studies.) This solution will be equilibrated overnight in an
incubator or refrigeration unit at 12-15°C.

3. After equilibration, obtain duplicate aqueous samples («5 mL) from the Tedlar bag to obtain
the initial TCE concentration of the spiked groundwater. The duplicate aliquot samples will be
added to pre-weighed 12 mL VOA vials holding a known volume of hexane («5 mL). Each
sample container will be weighed again after sample addition to determine the actual weight of
sample added. (A calibration check of the gravimetric scale will be performed each dayof use.)
These extracts will be placedon a horizontal shaker for 2 hours. Store the extracts at 4°C until
G.C. analysis.

4. Obtain the tare weight of four (4) 40 mL VOA vials. Add approximately 10 g of TSF-05
sludge to two of these vials, (This material should be previously dried to remove any residual

B-23



TCE or moisture that might have beenpresent.) Re-weigh these two vials to determine the exact
masses added.

5. Completely fiU the remaining volume of aU four of the40 mL vials with the spiked
groundwater from theTedlar bag. Record thetime each vial is fiUed and capped. Reweigh each
vial to determine the total volume of spike solution added. Place the vials on an orbital shaker
maintained at 12-15°C and aUow the spike solution and sludge (ifappUcable) to equiUbrate
overnight.

6. Obtain a tareweight on four extraction bottles to be used for the hexane extractions (125 mL
VOAbottles with Teflon lined caps). Add approximately 40 mL of hexane to each of these and
reweigh to determine the actual hexane volume added (specific gravity= 0.66).

7. Remove the 40 mL vials from the shaker/incubator. Pour the entire contents of each 40 mL
vial into a separate 125 mLextraction bottle. Reweigh each 125 mLextraction bottle to obtain
the actual quantity transferred and record the time as "extraction time=0". (Any TCE that may
have beenlostduring contaminant equiUbration wiU not be directly determined, but would be
expected to be approximately the same for each 40 mL vial.)

8. Place each extraction jar on a horizontal reciprocating shaker at room temperature. CoUect a
0.1 mL (100 pL) aUquot of the hexane layer from each extraction bottle at thefoUowing
approximate time periods: 30minutes, 2 hours, 4 hours, and 24hrs. Place these samples into 12
mL VOAvials already taredandcontaining a known volume of hexane («10 mL). Record the
timeeach sample is coUected. Store at 4°C until analyzed.

9. CoUect (using a disposable syringe with a luer-lok tip) a 6 mL aUquot of the aqueous layer
from each extraction bottle at roughly the same time periods used inStep 8: 30 minutes, 2 hours,
4 hours, and 24 hrs. Dispense lA of the aUquot («3 mL) directly into a 12mLVOA vial that is
pre-weighed and pre-fiUed with hexane (« 3 mL). Add a 0.45um syringe filter onto the disposable
syringe, filter the remaining aUquot volume (« 3 mL) into another 12 mL VOA vial that ispre-
weighed and pre-fiUed with hexane («3 mL).

10. Re-weigh each of these 12 mL VOA vials in the above step to determine the total sample
volume added to each. Place these samples on a reciprocating shaker for at least 30 minutes.
Store these extractions at 4°C ifnot analyzed immediately. DUutions wiU have to beperformed
before being submitted to ESD. For the hexane layer, no additional dilution should be expected,
simply transfer 1 mL ofthe sample into almL G.C. vial. The dilutionsfor the aqueous samples
are not aspredictable. Please provide a sample not diluted (ie, the top layer ofhexane in the
vialsfrom step 9). Ifrequired, a sample with a DFof11. (0.1 mL ofthe hexane layer into 1 mL
ofclean hexane in a 2 mL G.G. Vial may be needed.)

11. NOTE: This step to be conducted atESD. Analyze via GC/ECD for TCE. G.C. analyses
wiU be conducted closely foUowing EPA Method 8000B, ensuring that a daUy caUbration check,
blanks, etc. are also analyzed on each analysis day. Formal data packages, as outlined in Section
2.4.3.3 ofthe Chapter 2 Implementation Plan wiU not be prepared for this experiment. Using the
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analytical results, select the extraction timeperiod that is most effective and efficient for each
media type evaluated.

12. Place any waste materials generated from theexperiment in the appropriate sateUite
accumulation area.

Experiment 2b-4. (Exp2b-3b) Matrix Spike Experiment (September 1998)
(To be conducted at RMAL)

1. Sparge any residual TCE or other VOCs from theTSF-05 groundwater to be used. Also oven-
dry the sludge sample tobe used. (Properly indicate usage ofthis media in the treatabiUty study
tracking logbook.)

2. Obtain the tare weight of four (4) 40 mL VOA vials.
3. Add approximately 10 g of TSF-05 sludgeto THREE of these vials.
4. Re-weigh these THREE vials to determine the exact masses added.

5. FiU each of the4 VOA vials (ALMOST TO VOLUME) with TSF-05 groundwater

6. Add0.04 mL of a SATURATED TCE solution to each vial. Quickly fill the remaining
volume with DI water of gw (whichever is easiest) and cap. Record the time each vial is
filled.

THIS TCE VOLUME NEEDS TO BE VERY ACCURATE. MAKE SURE PIPETTE IS
CALIBRATED.

7. Reweigh each vialto determine the total quantities of material added. Placethe vials on an
orbital shaker maintained at 12-15°C and aUow to equiUbrate overnight.

NEXT DAY:
8. Obtain tare weight onfour extraction bottles to be used for thehexane extractions (125 mL
VOAbottles with TeflonUned caps). Add approximately 40 mL of hexane to each of these and
reweigh to determine the actual hexane volume added.

9. Remove the 40 mL vials from the shaker/incubator. Pour the entire contents of each 40 mL
vial into a separate 125 mL extraction bottle. Reweigh each 125 mL extraction bottle to obtain
the actual quantity transferred and record the time as "extraction time=0". Also re-weigh the
"empty" VOA vials to determine mass that was NOT transferred.

10. Place each extraction jarona horizontal reciprocating shaker at room temperature. CoUect a
1mL aUquot of the hexane layer from each extraction bottle at the foUowing approximate time
periods: 2 hours, 4 hours, 6hrs, 20 hrs, 24 hrs, and «48 hrs. PLACE DIRECTLY INTO GC
VIALS FOR ESD ANALYSIS-NO dilutions should be needed.
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B2.3 Determine Time Requiredto Equilibrate Basalt Aggregate with TCE (Task 2c)

Background and Experimental Approach

Aggregate basalt (W -1" size fraction) wiU also be investigated as a reactive zone medium from
the TAN site. The needed length oftime to spike or contaminant the aggregate basalt is currently
unknown. The ultimate goal of this task is to detennine the time required for theTCE
concentrationof the basalt's pore water to be in equiUbrium with the TCE concentrationin the
bulk solution (TAN Site groundwater) via a sorption kinetics experiment.. The equiUbration
experiment wiU be conducted with an initial TCE concentration of 1 mg/L and at 12-15°C. A
study by Pavlostathis and Jaglal (1991) involving TCE sorption onto a sUty sand indicated quasi-
equihbrium within a period of three (3) days. However, other studies with PCE and course grain
bulk material show equiUbration to be onthe order of20 days, whereas equiUbration using
pulverized material was approximately 1day (BaU, 1991). Thus, a couple ofthe batch sorption
test samples wiU be examined after a long time period (i.e., 14days) to determine if such is the
case of aggregate basalt.

Experimental controls (groundwater with no soUd phase) wiU also becarried through the
experiment to help account for losses via volatilization, biodegradation, or sorption of TCE onto
the testequipment, etc. There wiU be no attempt to assess other factors commonly evaluated
during laboratory sorption kinetics work such as ionic strength, pH, etc.

Thepreferred hexane extraction time (Exp. 2b-2) for the aggregate basalt wiU also be evaluated
once the desired equiUbration time is determined. As in Section 2.2, the hexane extraction wiU be
performed at room temperature.

Experiment 2c-1. Sorption Kinetics Test for Crushed and Aggregate Basalt.

(To be conducted at ORNL/ESD)
1. AU soU and groundwater to be used inthese experiments (TAN-40 groundwater, TAN-37
crushed and aggregate basalt) wiU be prepped bysparging and/or drying to remove any residual
TCE present on the media. (Properly indicate usage ofthis media in the treatabiUty study tracking
logbook.) Doing so wiU aUow this experiment to be conducted with consistent and controUed
initial TCE concentrations viacontaminant spiking.

2. Prepare a STOCK (Saturated) TCE solution (2000 mg/L) by adding 100 uL of Pure TCE into
a 12 mL VOA vial fined to volume with DIWater and aUow to equiUbrate overnight at room
temperature. (Use ofa STOCK solution rather than pure phase TCE to prepare the spiking
solution affords better accuracy inobtaining the target concentration.)

3. Sparge approximately 3100 mL ofgroundwater from TAN-40 ofany residual TCE orother
VOCs that may have been present and then place the groundwater into an incubator at 12-15°C.
After temperature equiUbration of the groundwater (likely overnight), remove the container from
the incubator.
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4. Obtain the tare weight ofthe container to be used to prepare the spike solution (Tedlar bag).
FiU with the Tedlar bag with thechiUed TAN-40 GW. Bygravimetric methods, determine the
amount ofgroundwater added to the container. (A caUbration check ofthe gravimetric scale wiU
be performed each day ofuse.) AU information regarding the preparation ofthe spiking solution
wiU be recorded in the laboratory research notebook.

5. Add the appropriate quantity ofthe Saturated STOCK TCE solution into the Tedlar bag to
produce a TCE spike concentration of 1.0 mg/L. SHOULD BE APPROXIMATELY 3 ML
Record volume and/or weight added. (Reactive zone media wiU only be spiked at 0.1 and 1mg/L
TCE during the Task 4 degradation studies.) This solution can be mixed and equiUbrated within a
few minutes.

6. After mixing, obtain dupUcate aqueous samples (« 5 mL) ofthe spike solution to obtain the
initial TCE concentration ofthe spiked groundwater. The dupUcate aUquot samples wiU be added
topre-weighed sample containers holding a known volume ofhexane («5 mL). Each sample
container wiU be weighed again after sample addition to determine the actual weight ofsample
added. Theseextracts wiU be placedon a horizontal shakerfor 2 hours. Store the extracts at 4°C
untU G.C. analysis.

7. Obtain the tare weights ofseventy two (72) 40 mL VOA vials. Add approximately 10 gof
aggregate basalt to 24 of the vialsand 10 g of the crushed basalt to another 24 of the these vials.
GravimetricaUy determine the actual amount of soUd media added.

8. Dispense the spiked groundwater from theTedlar bag into each of the72 VOA vials that have
been prepared, filling them completely with no headspace and cap them. Record the time that
each vial is fiUed as 'T=0" for that vial.

9. Re-weigh each vial after it is completely fiUed to determine the actual weight ofspiked
groundwater added to it. Place the vials back into the environmental chamber at 12-15°C
Slowlyagitate the vials during this step.

The remaining steps will beperformed at the time intervals of approximately 2 h,
4h,6h, 18h, 24h, 4d, 5d, 6d, 7d, 12d, 14d, and21d. The latter times may be
changed depending upon results ofthe samples obtainedfor the earlier time
periods.

10. Remove six (6) 40mL vials from the incubator (two with groundwater only, two with
crushed basalt, and two containing aggregate basalt.) CoUect an aqueous sample (» 5mL) from
each vial using a disposable syringe with luer lok needle. Record the time the sample is coUected.

11. FUter (0.45jam membrane) and dispense the sample into to apre-weighed vial holding a
known volume ofhexane («5 mL). This sample vial wiU be weighed again after sample addition
to determine the actual weight of sample added. Anew syringe andfilter will be usedfor each
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sample. AU such extracts wiU be placed on a horizontal shaker for 2 hours. Store the extracts at
4°C untU G.C. analysis.

12. Randomly coUect and process (steps 10 and 11) a dupUcate VOC sample fromone of the six
VOA vials during every other sampling period.

13. FOR THE LAST SAMPLING PERIOD STUDIED ONLY: Extract he remaining
contents of each vial with hexane. (The mass of anyremaining TCE on the soUd phase can be
determined with thisextraction when a mass balance is performed using data from the aqueous
aUquot sample) To accompUsh this, transfer the remaining sample in the six 40 mL VOA vials
(including basalt material) into a 125 mL extraction jar that has been pre-weighed and holding a
known volume of hexane (« 35 mL). The extraction jar wiU be weighed again after sample
addition to determine the actualmassof sample (soUd +Liquid) added.

14. FOR THE LAST SAMPLING PERIOD STUDIED ONLY: The extracts in the above
step wiU be placed on a horizontal or reciprocating shaker for 2 hours. A 1 mL aUquot of the
hexane phase wiU be placed into a 2 mLG.C. vial and stored at 4°C untU analysis.

GC ANALYSIS of VOCs

AU VOC analyses for this experiment wiU be conductedusing a G.C./ECD detector. The
instrument wiU caUbrated for TCE using a 5 point caUbration curve with standard concentrations
ranging from 10-1000 |ig/L (ppb)

The VOC analyses of the hexane extracts wiU closely foUow EPAMethod 8000B. Significant
deviations from this method wiU be clearly documented.

REPEAT EXPERIMENT:

Experiment 2c-IB. Sorption Kinetics Test for Crushed and Aggregate Basalt.
(To be conducted at ORNL/ESD)
1. AU soiland groundwater to be used in these experiments (TAN-40groundwater,TAN-37
crushed and aggregate basalt) wiU be prepped bysparging and/ordrying to remove anyresidual
TCE present on the media. (Properly indicate usage of this media in the treatabiUty study tracking
logbook.) Doing so wiU aUow this experimentto be conducted with consistent and controUed
initial TCE concentrations via contaminant spiking.

2. Prepare a STOCK (Saturated) TCE solution (2000 mg/L) by adding 100 uL of Pure TCE into
a 12 mL VOA vial fiUed to volume with DI Water and aUow to equiUbrate overnight at room
temperature. (Use of a STOCK solution rather than purephase TCE to prepare the spiking
solution affords better accuracy in obtaining the target concentration.)

3. Spargeapproximately 1600mLof groundwater fromTAN-40 of any residual TCE or other
VOCs that may have been present.
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4. Obtain thetare weight of the container to be used to prepare the spike solution (Tedlar bag).
FiU with the Tedlar bag with the sparged TAN-40GW. By gravimetric methods, determine the
amount of groundwater added to the container. (A caUbration check of the gravimetric scale wiU
be performed eachdayof use.) AU information regarding the preparation of the spiking solution
wiU be recorded in the laboratory research notebook.

5. (TUESDAY AFTERNOON) Add the appropriate quantity of the Saturated STOCKTCE
solution into theTedlar bag to produce a TCE spike concentration of 1.0mg/L. SHOULD BE
APPROXIMATELY 1.6 ML Record volume and/or weight added. (Reactive zone media wiU
onlybe spiked at 0.1 and 1 mg/L TCE during the Task 4 degradation studies.) This solutioncan
be mixed and equiUbrated at least overrate at 12°C in the incubator.

6. After mixing, obtain dupUcate aqueous samples using a glass syringe with a valve stopcock and
luerneedle (5mL) of the spike solution to obtain the initial TCEconcentration of the spiked
groundwater. Weigh the syringe when filled and then again after the sample is dispensed to the
P&T. The dupUcate aUquot samples wiU be analyzed immediately using the Lab 211 P&T (30
minutes each).

7. Obtain the tare weights of thirty six(36) 40 mL VOAvials. Add approximately 10 g of
aggregate basalt to 12 of the vials and 10 g of the crushed basalt to another 12 of these vials.
GravimetricaUy determine the actual amount of soUd media added.

8. Dispense the spiked groundwater from the Tedlar bag into each of the 36 VOA vials that have
been prepared, filling them completely with no headspace and cap them. Record the time that
each vial is fiUed as 'T=0" for that vial.

9. Re-weigh each vialafter it is completely fiUed to determine the actual weight of spiked
groundwater added to it. Place the vials back into the environmental chamberat 12°C Agitate
the vials during this step (200 rpm or greater)

The remaining steps will be performed at the time intervals ofapproximately 4
hrs, 24h, 2d, 5d, 7d, and TBD. The latter times may be changed depending upon
results ofthe samples obtainedfor the earlier time periods.

10. Remove six (6) 40 mL vials from the incubator (two with groundwater only, two with
crushed basalt, and two containing aggregatebasalt.) CoUect an aqueous sample (« 5mL) [aUow
the crushed basalt to settle a Uttle before sampling) from each vial using a glass with valve
stopcock and luer needle.

11. Weighthe full syringe and Record the timethe sample is coUected. Reweigh the syringe after
the sample is dispensed into the P&T.

12. Randomly coUect and process (steps 10 and 11) a dupUcate VOC sample from one of the six
VOA vials during each sampling period.
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13 FOR THE LAST SAMPLING PERIOD STUDIED ONLY: Extract the remaining
contents ofeach vial with hexane. (The mass ofany remaining TCE onthe soUd phase canbe
determined with this extraction when a mass balance is performed using data from the aqueous
aUquot sample) To accompUsh this, transfer theremaining sample in the six 40 mL VOA vials
(including basalt material) into a 125 mL extraction jar that has been pre-weighed and holding a
known volume ofhexane (« 35 mL). The extraction jar wiU be weighed again after sample
addition to determine theactual mass of sample (soUd +Liquid) added.

14. FOR THE LAST SAMPLING PERIOD STUDIED ONLY: The extracts in the above
step wiU beplaced ona horizontal or reciprocating shaker for 2 hours. A 1mL aUquot of the
hexane phase wiU be placed into a 2 mL G.C. vial and stored at4°C untU analysis.

B3 Measure Oxidant Demand of TAN Subsurface Materials

The oxidant demand experiments planned forTask 3 of the project wiU assess, for selected
oxidant loadings, the effect ofthe TAN site media (soil and groundwater) upon the amount of
oxidant remaining or avaUable for TCE degradation. AU Task 3 experiments wiU beconducted in
dupUcate at 12°C using non-contaminated media; hence, there are no contaminant equiUbration or
TCE analysis steps in the foUowing Task 3 experiments.

B3.1 Measure the Oxidant Demandof Reactive Zone Media (Task 3a)

GeneralProcedure for Task 3a Experiments - Oxidant Demand of Reactive Zone Media
(To be conducted at ORNL/ESD)
1. AU soU and groundwater to beused inthese experiments (TAN-40 groundwater, TAN-37
crushed and aggregate basalt, and sediment) wiU be prepped by sparging and/or drying to remove
any residual TCEpresent on the media. Doing so wiU aUow this experiment to beconducted with
a consistent and controUed initial TCE concentration (« 0 mg/L). Properly indicate usage of this
media in the treatabiUty study tracking logbook.

2. FoUow Table 2-3 in Chapter 2 of the Implementation Plan to obtainwhich test conditions to
evaluate (soU type, oxidant concentration, etc.) The use of glass, wide-mouth erlenmeyer flasks,
beakers, or equivalent wiU be used. It is currently planned to runfour (4) test conditions from
Table 2-3 each time this procedure is used. Thus, 8 reactors wiU beused during each run of this
procedure.

3. Obtain the tare weight ofeach reactor. Add approximately lOOg of soUd media to the reactors
in Table 2-3 that require it Re-weigh the reactors to determine the actual massadded. To each
reactor, add 400 mL ofTAN-40). Re-weigh each reactor to determine the actual weight of
solution added. (A caUbration check ofthe gravimetric scale wiU be performed each day ofuse.)

4. Place the reactors in the incubator at 12°C and aUow to equiUbrate to that temperature.
Slowly agitate the reactors during this step.
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5. Once temperature equUibrium is reached, remove the reactors from the incubator andcoUect a
5mL aUquot (using adisposable syringe) ofthe water and/or slurry from each for pH analysis.

6. The pHanalyses wiU beconducted using conventional pHmeters/electrodes, caUbrated each
day ofuse via a minimum oftwo standard buffer solutions (4, 7, and 10). Values obtained for
each sample wiU be recorded. AcaUbration check wiU also be conducted foUowing the last
sample to be measured each day. Values obtained for the samples wiU be corrected ifa significant
drift (i.e., > 15%) occurred.

7. Add the appropriate mass ofcrystalline KMn04 (Cams™ Free Flowing Technical Grade) into
each reactor according to which testcondition in Table 2-3 isbeing evaluated. The exact mass of
KMn04 added to each reactor wiU be determined gravimetricaUy and recorded. The time that
KMn04 isadded toeach individual reactor shaU also be recorded (reaction start time).

8. Place each reactor back into the 12°C incubator as the oxidant consumption reaction proceeds.
For each reactor, remove the reactor from the incubator at approximately 5-10 minutes from the
reaction start time, and coUect a 5-10 mL aUquot (using a disposable plastic syringe with a Luer
Tip). Record the time the sample was coUected and replace thereactor back into the incubator.

9. Add a 0.45 \xm syringe filter onto the end ofthe syringe and filter approximately 1-2 mL into a
beaker. Remove the syringe filter and dispense the remaining (unfiltered) portion ofthe sample
into another beaker for pH analysis. Measure and record the pH ofeach sample as done in Step
6.

10. Perform a Mn04" analysis on the filtered sample from the previous step. (The sample is
filtered to remove particulate matter that could interfere with the analysis.) The filtered sample
wiU likely have to be dUuted with DI water so that its spectrophotometric absorbance (at A, =525
nm) is less than thatof thehighest standard to be prepared (50mg/L Mn04-). Check standards
(10 and 50mg/L Mn04-) wffl be prepared with reagent grade KMn04 and measured each analysis
day. A new 5 pointcaUbration curve wffl be prepared if the absorbance of thesecheck standards
differs from the expected value by >15%.

11. CoUect and analyze aUquots from each reactor for pH and KMn04 (Steps 8-10) at the
foUowing ADDITIONAL time periods: lhr, 2 hrs, 4 hrs, 18 hrs, and 24 hrs.

12. Interpret results and clean up the reactors for re-use inthe next run of the experiment. Also
place any waste materials generated from theexperiment intheappropriate sateUite accumulation
area.

3.2 Measure the Oxidant Demand of Hot Spot Media (Task 3b)

General Procedure for Task 3b Experiments - Oxidant Demand of Hot Spot Zone Media
(To be conducted at RMAL)
1. AU soil and groundwater to be used in these experiments (TSF-05 groundwater, TSF-05
sludge) wiU be prepped by sparging and/or drying to remove any residual TCE present onthe
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media. Doing so wiU aUow this experimentto be conducted with a consistent and controUed
initial TCE concentration (« 0mg/L). Properly indicate usage ofthis media in the treatabiUty
study tracking logbook.

2. FoUow Table 2-4 in Chapter 2 of the Implementation Plan to obtain which test conditions to
evaluate (soU type, oxidant concentration, etc.) The use ofglass, wide-mouth erlenmeyer flasks
or equivalent wiU be used. It iscurrently planned to runtwo (2) test conditions from Table 2-4
each time this procedure is used. Thus, 4 reactors wiU be used during each run ofthis procedure.

3. Obtain the tare weight ofeach reactor. Add approximately lOOg of soUd media to the reactors
inTable 2-4 that require it Re-weigh the reactors to determine the actualmass added. To each
reactor, add 400 mL of TSF-05 groundwater. Re-weigh each reactor to determine the actual
weight ofsolution added. (A caUbration check ofthe gravimetric scale wffl be performed each
day of use.)

4. Place the reactors in the incubator at 12°C and aUow to equiUbrate to that temperature.
Slowly agitate the reactors during this step.

5. Once temperature equUibrium is reached, remove the reactors fromthe incubator andcoUect a
5mL aUquot (using adisposable plastic syringe) ofthe water and/or slurry from each for pH
analysis.

6. The pH analyses wffl be conducted using conventional pH meters/electrodes, caUbrated each
day of use via standard buffer solutions ofpH 7, and 10. Values obtained for each sample wffl be
recorded. AcaUbration check wffl also be conducted foUowing the last sample tobe measured
each day. Values obtained for the samples wffl be corrected ifa significant drift (i.e., > 15%)
occurred.

7. Add the appropriate mass ofcrystalline KMn04 (Carus™ Free Flowing Technical Grade) into
each reactor according to which test condition in Table 2-4 isbeing evaluated. The exact mass of
KMn04 added to each reactor wffl bedetermined gravimetricaUy and recorded. The time that
KMn04 is added toeach individual reactor shaU also be recorded (reaction start time).

8. Place each reactor back into the 12°C incubator as the oxidant consumption reaction proceeds.
For each reactor, remove the reactor from the incubator at approximately 5-10 minutes from the
reaction start time, and coUect a5-10 mL ahquot (using adisposable plastic syringe with aLuer
Tip). Record the time the sample was coUected and replace the reactor back into the incubator.

9. Add a0.45 p:m syringe filter onto the end ofthe syringe and filter approximately 1-2 mL into a
beaker. Remove the syringe filter and dispense the remaining (unfiltered) portion of the sample
into another beaker for pH analysis. Measure and record the pH of the sample as done in Step 6.

10. Perform aMn04" analysis on the filtered sample from the previous step. (The sample is
filtered to remove particulate matter that could interfere with the analysis.) The filtered sample
wffl likely have to be diluted with DI water so that its spectrophotometric absorbance (at X=525
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nm) is less than that ofthe highest standard to be prepared (50 mg/L Mn04-). Check standards
(10 and 50 mg/L Mn04-) wffl be prepared with reagent grade KMn04 and measured each analysis
day. A new 5 point caUbration curve wffl beprepared ifthe absorbance of these check standards
differs from the expected valueby >15%.

11. CoUect and analyze aUquots from each reactor for pH and KMn04 (Steps 8-10) at the
foUowing ADDITIONAL time periods: 30minutes, 1hour, 2 hrs, 4 hrs, and 24 hrs.

12. Upon completion ofthe test period, the post-treatment sludges wffl be analyzed for total
organic carbon content foUowing theguidance inSW846 method 9060 and themanufacturer's
operating instructions provided with the instrument. Thecarbon results wffl becorrected backto
the original dried starting weight of the sludge used in the test.

13. Interpret the results and clean up the reactors for re-use in the next run ofthe experiment.
Also place any waste materials generated from the experiment in the appropriate sateUite
accumulation area.

B4 Measure Oxidation Rates

The TCE degradation experiments wffl be conducted in Task 4 to determine the oxidation rate of
TCE as a function of oxidant concentration and initial contaminant concentrations. AU Task 4
experiments wffl be conducted in dupUcate. The procedures presented below wffl be used to
guide the experiments presented in Tables 2-5 through 2-7 in the Implementation Plan. Both the
contaminant equiUbration and oxidant reaction phases of these experiments wffl beconducted at
12°C.

B4.1 Measure the Oxidation Rate of Organic Contaminants in Reactive Zone Media (Task
4a)

General Procedure for Task 4a Experiments - Measure the oxidation rate oforganic contaminants
in the Reactive Zone Media

(To be conducted at ORNL/ESD)

NOTE: This experiment wffl be used to conduct the various test conditions presented in Table 2-
5 in Chapter 2 ofthe Implementation Plan. Control samples wffl be prepared and sampled
throughout the reaction period to quantify changes in concentration due to mechanisms other than
oxidation. In addition to the dupUcate control samples, it is currently planned to run two (2) test
conditions (indupUcate) from Table 2-5 each time this procedure isused. Thus, 6 reactors wffl be
usedduring each run of thisprocedure, and thisprocedure wffl be conducted 8 times. The
controls and the treatment reactors wffl aU contain thesame media type and initial contaminant
concentrations (i.e., aU conditions wffl be the same for each run of this procedure with the
exception of the Mn04- concentration used).

1. SoUPrepping
All soU and groundwater to be used in these experiments (TAN-40 groundwater, TAN-37
crushed and aggregate basalt, and sediment) wffl be prepped by sparging and/or drying to
remove any residual TCE present onthe media. Doing so wffl aUow this experiment to be
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conducted with consistent and controUed initial TCE concentrations via contaminant spiking.
(Properly indicate usage of this media in thetreatabiUty study tracking logbook.) TAN-40 GW
wffl also be temperature equfflbrated to 12°C inthisexperiment.

2. TCE Stock Solution Preparation
Prepare a STOCK (Saturated) TCE solution («1100 mg/L) by adding greater than 100 ^L of
Pure TCE into a 12 mL VOA vial fffled to volume with DI Water and keep refrigerated. (Use of
a STOCK solution rather than pure phase TCE to prepare thespiking solution affords better
accuracy in obtaining the target concentration.) This can easily be stored and used again in
subsequent experiments.

3. TCE Spike Solution Preparation, PART 1
Obtain the tare weight ofthe container tobe used to prepare the spike solution (Tedlar bag, flask,
orequivalent). Fffl with approximately 3100 mL of 12°C TAN-40 groundwater. By gravimetric
methods, determine the amount of groundwater added to thecontainer. (A caUbration check of
the gravimetric scale wffl be performed each dayof use.)

4. TCE Spike Solution Preparation, PART II
Add the appropriate quantity ofthe Saturated STOCK TCE solution to produce aTCE spike
solution with the concentration prescribed in Table 2-5 for the particular test series being ran.
The reactive zone media wffl only be spiked at0.1 and 1 mg/L TCE during this experiment,
thus the volume ofsaturated STOCK TCE needed should be onthe order of0.3 mL and 3.0mL,
respectively. Thissolution can be mixed andequfflbrated within a few minutes. All Information
regarding the preparation of the spiking solution wffl berecorded in the laboratory research
notebook. Place the spike solution in the incubator overnight at 12C for temperature
equiUbration.

5. Obtain Tare Weights of Reactors
Prepare the test reactors to beused. (The gas-tight reaction vessels acquired and tested in Task
2a wffl be used as the reactors in this experiment.) Obtain the tare weight ofeach, including the
weight of a ground glass standard taper stopper fitted with a Teflon sleeve.

6. Fffl with SoUd Phase Media

Add approximately 100-110 g of the soUd phase material desired for this particular test series
(See Table 2-5 in the Implementation Plan). Re-weigh each reactor to determine the actual
amount of soUd mediaadded (when appUcable).

7. CoUection of Initial SpikeSolution Samples
Remove the spike solution from the incubator, and obtain dupUcate aqueous samples («5 mL) of
the spike solution to obtain the initial TCE concentration ofthe spiked groundwater. Record the
time the sample is coUected. The dupUcate aUquot samples wffl be added to pre-weighed sample
containers holding aknown volume ofhexane (» 5 mL). Each sample container wffl be weighed
again after sample addition to determine the actual weight ofsample added. These extracts wffl
be placed on ahorizontal shaker for 2 hours. Store the extracts at 4°C untU G.C. analysis.

B-34



8. Distribution of Spike Solution to Reactors
Quickly dispense the spike solution into each of the reactors to be used. Add «500 mL to each
reactor. Immediately replace the ground glass stopper and re-weigh each to determine the actual
weight of spiked groundwater.

9. Soil/Spike EquiUbration
Place the reactors inthe incubator at 12°C and allow the spike solution to equiUbrate for 24
hours. (Foraggregate basalt, equiUbrate for the length of time determined inExp. 2c-1., unless
shorter than 24 hours) Agitate the reactors at «200 rpmduring this step.

10. Preparation of Stock Mn04" Solution (4 wt%)
Add 2.66 g of crystalline KMn04 (Cams™ Free Rowing Technical Grade) into a 50 mL Flask
and fffl to volume with DI water, and aUow to mix for at least 2 hours.

11. Prepare Reactor Closure/Carbon Tube
During equiUbration period, prepare the standardtaper adapters/stopcock valve. (Only one
ORBO tube will be used for each reactor.) The vertical sampling port wffl be fitted with a
smaU septum) STORE UN-SEALED ORBO TUBES OUTSIDE OF THE LABORATORY
FUME HOODS. THE HOODS LIKELY HAVE THE GREATEST POTENTIAL FOR
"CONTAMINATING" THE TUBES WITH TCE AND OTHER VOCs.

12. CoUectionof Pre-Reaction Sample from Each Reactor
After equiUbration, coUect a «10 mL aqueous sample using a longneed and disposable syringe
fromeach of the reactors and quickly reseal. Record the time the sample is coUected and note
whether soUds were present in the aqueous sample (particularly the groundwater/sediment
reactors). If significant soUds are present, a portion of this aUquot volume maybe used for a total
soUds analysis.

13. Preparation of Pre Reaction TCE Sample
Dispense (unfiltered) «3 mL of this aUquot sample into to a pre-weighed vialholding a known
volume of hexane («3 mL). This sample vial wffl be weighed again after sample addition to
determine the actual weight of sample added. All such extracts wffl be placed on a horizontal
shakerfor 2 hours. Store the extracts at 4°C untilG.C. analysis. Record the time this sample is
taken.

14. Measurement of Pre Reaction pH Value
Tare a smaU beaker for pH analysis. Add a 0.45 micron filter to the sample syringe and dispense
(filtered) the remaining portion of the sample in the syringe («7 mL) into the tared beaker.
Reweigh the beaker to determine the volume of the sample (assuming that the soUds fraction is
negUgible). The pH analyses wffl be conducted using conventional pH meters/electrodes,
caUbrated each day of use via a minimum of two standard buffer solutions. Values obtained for
each sample wffl be recorded. A caUbration check wffl also be conductedfoUowing the last
sample to be measured each day. Values obtained for the samples wffl be corrected if a significant
drift (i.e., > 15%) occurred.
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15. Addition of Stock Mn04- Solution into Reactors

Quickly remove the ground glass stopper and add the needed volume of stock KMn04 to obtain
the Mn04"concentrations in Table 2-5 (approximately 1.25 mL and 12.5 mL for the 0.01 and
.01% Mn04' concentrations respectively). Replace the glass ground stoppers with the adapters
fitted with the stopcock and charcoal desorption tubes and quickly hand shake each reactor to
ensure rapid dissolution of the oxidant. (No oxidant wffl be added to the control reactors). The
time that the stock KMn04 is added to each individual reactor shaU also be recorded (reaction
start time). Place each reactor back into the 12°C incubator.

16. 30 Minute Sampling
At approximately 30 minutes from the reaction start time, remove the reactors from the incubator
and coUect a 10 mL aUquot (using a longneedle and syringe with a Luer Tip). Record the time
the sample is coUected. Replace the reactor(s) back into the incubator.

17. Preparation of 30 Minute TCE Sample
Dispense (unfiltered) «3 mLof the coUected aUquot into a pre-weighed vial holding a known
volume of hexane («3 mL). This sample vial wffl be weighed again after sample addition to
determine the actual weight of sample added. AU such extracts wffl be placed on a horizontal
shaker for 2 hours. Store the extracts at 4°C untU G.C. analysis.

18. pH Analysis of 30 Minute Sample
Tare a smaU beaker. Add a 0.45 um syringe filter unto theend of the syringe and dispense
(filtered) the remaining portion of the sample in the syringe («7 mL) into a taredbeaker for pH
analysis. Reweigh the beaker to determine the volume of the sample (assuming that the soUds
fraction is negUgible). Measure andrecord the pH of the sample as done in Step 13

19. Mn04" Analysis of the 30 Minute Sample
Usea portion of the filtered pH sample to perform a Mn04" analysis. The sample may have to be
dUuted (likely DF3 and DF30 for the .01 and 0.1% Mn04- loadings, respectively) so that its
spectrophotometric absorbance (at X=525 nm) is less than that of the highest standardto be
prepared (50 mg/LMn04-). Check standards(10 and 50 mg/L Mn04-) wffl be prepared with
reagent grade KMn04 and measured each analysis day. A new 5 point caUbration curve wffl be
prepared if the absorbance of these check standards differs from the expected value by>15%.

20. CoUection and Analysis of Additional AUquot Samples
CoUect and analyze aUquots from each reactor for TCE, pH, and KMn04 (Steps 16-19) at the
foUowing ADDITIONAL time periods: 2 hrs, 4 hrs, 6 hrs, 20 hrs, and 24 hrs.
IMPORTANT—For each reactor collect andextract a duplicate sample (Steps 16-19) from
one ofthe 6 time intervals being evaluated.

21. Extraction of Residual TCE in Reactor

The entire contents ofeach reactor wffl beextracted with hexane. First, obtain a tare weight on
six (6) emptycontainers to be used for the hexane extraction (1 Uter VOAbottles). Measure out
400 mL ofhexane into two (2) 200 mL volumetric flasks. Add 200 mL of thehexane directly
into the 1L extraction bottle. Quickly pour the contents ofeach test reactor into a separate
extraction bottle. Use the remaining 200 mLflask of hexane to rinse any residual slurry from the
test reactor into the extraction bottle. Weigh and record the mass of the filled extraction bottle to
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determine the mass of the slurry andhexane added (taking into account the fact that hexane has a
specific gravity of 0.66).

(The mass of anyremaining TCE on the soUd phasecan be determined with thisextraction when a
mass balance is performed using datafrom the aqueous aUquot sampling that was conducted
throughout the test.)

22. Reactor Extraction Continued

Place each extraction bottle on a horizontal reciprocating shaker for a rninimum of2 hours (May
be longer for aggregate basalt samples, depending upon the results ofExp. 2b-2.) then coUect
dupUcate 1 mL hexane aliquots from each extraction bottleand place into 2 mL G.C. vials
(dilution is not expected to be necessary).

23. Extraction of CharcoalDesorption Tubes
Remove the charcoal desorption tube(s) from each reactor. Each charcoal bed contained in the
tube(s) wffl beplaced into pre-fffled and pre-weighed vials containing a known volume of hexane
(«5 mL). These extracts wffl be processed and analyzed in the same manner as the aqueous
aUquots for TCE.

24. Cleanup

Clean up the reactors for re-use in the next run of the experiment. Also place any waste materials
generated from the experiment in the appropriate sateUite accumulation area.

25. GC ANALYSIS of VOCs

AU VOC analyses for thisexperiment wffl be conducted using a G.C/ECD detector. The
instrument wffl caUbrated for TCE using a 5 point caUbration curve with standardconcentrations
ranging from 5-1000 u.g/L (ppb)

The VOC analyses of thehexane extracts wffl closely foUow EPA Method 8000B. Significant
deviations from this method wffl be clearlydocumented.

Formal data packages wffl beprepared for the analyses performed for aU Task 3 and 4 samples
wffl beprepared asdiscussed inSections 2.4.3 and 2.4.4 inChapter 2 ofthe Implementation
Plan. The major QA/QC items pertaining to the VOC analyses include:

CaUbration standards wfflbe prepared from a certified, custom VOC mix stock solution
containing each analyte of interest. The lot number of this custom mix wfflbe included on
each initial caUbration data form.

The working caUbration curve wffl be verified through injection of a QC checkstandard (100
u,g/L) at least once each analysis day. If the response for any analyte varies from thepredicted
response by more than + 15%, a new caUbration curve wffl be prepared.

A blank hexane sample wffl be analyzed between every 10test samples.

A sample wffl be diluted andreanalyzed if its GC peak arearesponse is greater than that of the
highest caUbration standard beingused that analysis day.
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B4.2 Measure the Oxidation Rate of Organic Contaminants in Hot Spot Media (Task 4b)

General Procedure for Task 4h Experiments -Measure the oxidation rate of organic contaminants
in the hot spot groundwater

(To be conducted by both ORNL/ESD and RMAL)
NOTE: This experiment wffl be used to conduct the various test conditions presented in Table 2-
6 in Chapter 2 of the Implementation Plan.

Control samples (no KMn04) wffl be prepared and sampled throughout the reaction period to
quantify changes in concentration due to mechanisms other than oxidation. In addition to the
dupUcate control samples, it is currently planned to run two (2) test conditions (in dupUcate) from
Table 2-6 each time this procedure is used. Thus, 6reactors wffl be used during each run of this
procedure, and this procedure wffl be conducted atotal of 8times (4 times at each facfflty) The
controls and the treatment reactors wffl aU contain the same initial contaminant concentrations
(i.e., aU conditions wffl be the same for each run of this procedure with the exception of the
KMn04 concentrationused).

Note: The 2,000 mg/L TCE spike solution in Table 2-6 experiments cannot be prepared in
the same manner as the spike solution for the 10 and 100 mg/L spike levels. Both spiking
methods are included in this procedure.

1. SoUPrepping

AU groundwater to be used in these experiments (TSF-05 groundwater) wffl be prepped by
sparging to remove any residual TCE present on the media. Doing so wffl aUow this experiment
to be conducted with consistent and controUed initial TCE concentrations via contaminant
spiking. (Properly indicate usage of this media in the treatabiUty study tracking logbook)

For the 10 and 100 mg/L Spike concentrations ONLY.
-Proceed to step 9if spiking at DNAPL levels (2,000 mg/L TCE) in Table 2-6

2. TCEStock Solution Preparation
Prepare aSTOCK (Saturated) TCE solution («1100 mg/L). (Use of aSTOCK solution rather
than pure phase TCE to prepare the spiking solution affords better accuracy in obtaining the
target concentration.) This can easUy be stored and used again in subsequent experiments

For 10 ppm TCE spiking (Runs 1&2): Add >0.1 mL of Pure TCE into 65-70 mL of TSF-05
groundwater andkeep refrigerated.

For 100 ppm TCE spiking (Runs 5&6): Add >0.6 mL of Pure TCE into 625 mL of TSF=05 GW
& keep refrigerated.

3. TCE Spike Solution Preparation, PART 1
Obtain the tare weight of the container to be used to prepare the spike solution (Tedlar bag flask
or equivalent). Fffl with unspiked 12°C TSF-05 groundwater (*3070 mL or *2800 mLfor the
10 and 100 mg/L spike condition, respectively). By gravimetric methods, determine the
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amount ofunspiked groundwater added to the container. (A caUbration check ofthe gravimetric
scale wffl be performed each day of use.)

4. TCE Spike Solution Preparation, PART II
Add the appropriate quantity ofthe Saturated STOCK TCE solution to produce aTCE spike
solution with the concentration prescribed in Table 2-6 for the particular test series being ran.
The hot spot groundwater wffl only be spiked at 10 and 100 mg/LTCE via this method, thus
the volume ofsaturated STOCK TCE needed should be onthe order of30 mL and300 mL,
respectively. Please record the volume ofSTOCK TCE added (NOTE: will also added any
contaminants required during this step.) Place the spike solution in the incubator overnight at
12C for temperature equiUbration. Ensure that aU Information regarding the preparation ofthe
spiking solution will be recorded in the laboratory research notebook.

5. Obtain Tare Weights of Reactors
Prepare the test reactors to be used. (The gas-tight reaction vessels acquired and tested in Task
2a wffl be used as the reactors in this experiment.) Obtain the tare weight ofeach, including the
weight of a groundglass standard taper stopper fitted with a Teflon sleeve.

6. CoUection of Initial Spike Solution Samples
Remove the spike solution from the incubator, and obtain dupUcate aqueous samples (« 5 mL) of
the spike solution to obtain the initial TCE concentration of the spiked groundwater. Record the
time the sample is coUected. The dupUcate aUquot samples wffl be added to pre-weighed sample
containers holding a known volume ofhexane («5 mL). Each sample container wffl be weighed
again after sample addition to determine the actual weight of sample added. These extracts wffl
be placed on a horizontal shaker for 2 hours. Store the extracts at4°C untU G.C. analysis.

7. Distribution of Spike Solution to Reactors
Quickly dispense the spike solution into each of the reactors to be used. Add «500 mL to each
reactor. Immediately replace the ground glass stopper andre-weigh each to determine the actual
weight of spiked groundwater added.

8. Keep Cool until Experiment is initiated.
Place the reactors in the incubator at 12°C until the experiment is initiated. Agitate the reactors at
«200 rpm during this step.

For the DNAPL Spiking Level (2,000 mg/L TCE) in Table 2-6 ONLY
-Proceed to Step 13 if spiking at 10 or 100 mg/L

9. >2,000 mg/L Spiking: Obtain Tare Weights of Reactors
Prepare the test reactors to beused. (The gas-tight reaction vessels acquired and tested inTask
2a wffl be used as the reactors in this experiment.) Obtain the tare weight ofeach, including the
weight of a groundglass standard taper stopper fitted with a Teflon sleeve.
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10. >2,000 mg/L Spiking: Reactor Filling
Dispense «500 mL un-spiked TSF-05 groundwater into each of the reactors to be used.
Immediatelyreplace the ground glass stopper/sleeve and re-weigh each to determine the actual
weight of groundwater added.

11. Reactor Spiking (>2,000 mg/L TCE)
To each of the six reactors, add enough pure phase TCE to achieve a TCE concentration of 2,000
mg/L (should be around 700 pX pure TCE for 500 mL of groundwater). Measure the mass
of the spiking syringe when fffled and then after spiking to determine the actual contaminant mass
added (a QC checkon the initial TCE analysis). Information regarding the preparation of each
spiking solution wffl be recorded in the laboratory research notebook.

12. Spike Solution EquiUbration (>2,000 mg/L Spike Condition)
Place the reactors into the incubatorat 200 rpm or greater and aUow the spike solutions to
equiUbrate at 12°C (likely overnight)

13. For Loadings of .01 and 0.1 wt% Mn04' in Table 2-6 ONLY.
Preparation of Stock Mn04" Solution (4 wt%)
Add 2.66 g of crystalline KMn04 (Carus™ Free Rowing Technical Grade) into a 50 mL Flask
and fffl to volume with DI water, and aUow to mix for at least 2 hours.

14. Prepare Reactor Closure/Carbon Tube
DuringequiUbration period, prepare the standard taper adapters/stopcock valve. (One Orbo
tubes will be used.) The vertical sampling port wffl be fitted with a smaU septum) STORE UN
SEALED ORBO TUBES OUTSIDE OF THE LABORATORY FUME HOODS. THE HOODS
LIKELY HAVE THE GREATEST POTENTIAL FOR "CONTAMINATING" THE TUBES
WITH TCE AND OTHER VOCs.

15. CoUectionof Pre-Reaction Sample from Each Reactor
After equiUbration, coUect a «10 mLaqueous sample using a long need and disposable syringe
from each of the reactors and quickly reseal. Record the timethe sample is coUected and note
whether soUds were present in the aqueous sample. If significant soUds are present, a portionof
this aUquot volumemay be used for a total soUds analysis.

16. Preparation of Pre Reaction TCE Sample
Dispense (unfiltered) «3 mL of this aUquot sample into to a pre-weighed vialholding a known
volume of hexane («3 mL). This sample vial wffl be weighed again after sample addition to
determine the actual weight of sample added. AU suchextracts wffl be placed on a horizontal
shaker for 2 hours. Store the extracts at4°C untU G.C. analysis. Record the time this sample is
taken.

17. Measurement of Pre Reaction pH Value
Tare a smaU beaker for pH analysis. Add a 0.45 micron filter to the sample syringe and dispense
(filtered) the remaining portion of the sample in the syringe («7 mL) into the tared beaker.
Reweigh the beaker to determine the volume of the sample (assuming that the soUds fraction is
negUgible). ThepH analyses wffl be conducted using conventional pH meters/electrodes,
caUbrated each day of use via a minimum of two standard buffer solutions. Values obtained for
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each sample wffl berecorded. A caUbration check wffl also beconducted foUowing the last
sample to bemeasured each day. Values obtained for the samples wffl becorrected ifa significant
drift (i.e., > 15%) occurred.

18. For Loadings of .01 and 0.1 wt% Mn04" in Table 2-6 ONLY.
Addition of Stock Mn04- Solution into Reactors

Quickly remove the ground glass stopper and add the needed volume of stock KMn04 to obtain
the Mn04" concentrations in Table 2-6 (approximately 1.25 mL and 12.5 mL for the 0.01 and
.01% Mn04' concentrations respectively). Replace the glass ground stoppers with the adapters
fitted with the stopcock and charcoal desorption tubes andquickly hand shake each reactor to
ensure rapid dissolution of the oxidant. (No oxidant wffl be added to the control reactors). The
time that the stock KMn04 is added to each individual reactor shaU also be recorded (reaction
start time). Placeeach reactor backinto the 12°C incubator and 200 rpmor greater.

19. For the Oxidant Loadings of 1 and 3wt% Mn04" in Table 2-6 ONLY
Addition of Crystalline KMn04 to Reactors, Part I
Pre-weigh out (into disposable tare boats) the neededquantities of crystalline KMn04 (Carus™
FreeFlowing Technical Grade) that is neededfor each reactor according to which test condition
inTable 2-6is being evaluated. Forthe 1 and 3 wt% Mn04' loadings,« 6.6 g and «20 g of
KMn04 will be needed for each reactor, respectively. Record the actual mass of KMn04
weighed out for each reactor.

20. For the Oxidant Loadings of 1 and 3wt% Mn04' in Table 2-6 ONLY
Addition of Crystalline KMn04 to Reactors, Part II
Quickly remove the ground glassstopper and add these pre-weighed quantities of KMn04 into
the appUcable reactors. Replace the glassground stoppers with the adapters fitted with the
charcoal desorption tube assembUes and quickly hand shake eachreactorto ensure rapid
dissolution of the oxidant. (No KMn04 wffl be added to the control reactors). The time that
KMn04 is added to each individual reactor shaU also be recorded (reaction start time). Place each
reactor back into the 12°C incubator and at 200 rpm of greater.

21. 30 Minute Sampling
At approximately 30 minutes from the reaction start time, remove the reactors from the incubator
and coUect a 10 mL aUquot (using a long needle and syringe with a Luer Tip). Record the time
the sample is coUected. Replace the reactor(s) back into the incubator.

22. Preparation of 30 Minute TCE Sample
Dispense (unfiltered) «3 mL of the coUected aUquot into a pre-weighed vialholding a known
volume of hexane («3 mL). This sample vial wffl be weighed again after sample addition to
determine the actual weight of sample added. AU such extracts wffl be placedon a horizontal
shaker for 2 hours. Store the extracts at 4°C untU G.C. analysis.

23. pH Analysis of 30 Minute Sample
Tare a smaU beaker. Add a 0.45 |im syringe filter unto the end of the syringe anddispense
(filtered) the remaining portion of the sample in the syringe («7 mL) into a taredbeaker for pH
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analysis. Reweigh the beaker to determine the volume of the sample (assuming that the soUds
fraction is negUgible). Measure and record the pH ofthe sample as done in Step **

24. Mn04" Analysis of the 30 MinuteSample
Use a portion of the filtered pH sample to perform a Mn04" analysis. The sample may have to be
dUuted so that its spectrophotometric absorbance (at X=525 nm) is less than that ofthe highest
standard to be prepared (50 mg/L Mn04-). Check standards (10 and 50mg/L Mn04-) wffl be
prepared with reagent grade KMn04 and measured each analysis day. A new 5 point caUbration
curve wffl be prepared ifthe absorbance of these check standards differs from the expected value
by>15%.

25. CoUection and Analysis of Additional AUquot Samples
CoUect and analyze aUquots from each reactor for TCE, pH, and KMn04 (Steps 21-24) at the
foUowing ADDITIONAL time periods: 2 hrs, 4 hrs, 6 hrs, 20 hrs, and 24 hrs.
IMPORTANT—For each reactor collect and extract a duplicate sample (Steps 21-24) from
one ofthe 6 time intervals being evaluated.

26. Extraction of Charcoal Desorption Tubes
After the final aUquot samples are coUected, remove the charcoal desorption tube(s) from each
reactor. Each charcoal bed contained in the tube(s) wffl be placed into pre-fffled and pre-weighed
vials containing aknown volume ofhexane (*5 mL). These extracts wffl be processed and
analyzed in the same manner as the aqueous aUquots for TCE.

27. Cleanup

Clean up the reactors for re-use in the next run ofthe experiment. Also place any waste materials
generated fromthe experiment in the appropriate sateUite accumulation area.

28. GC ANALYSIS of VOCs

AU VOC analyses for this experiment wffl beconducted using a G.C/ECD detector. The
instrument wffl caUbrated for TCE (and also for cis-1,2 DCE, trans-1,2 DCE, and vinyl chloride
for the co-contaminants experiment), using a 5 point caUbration curve with standard
concentrations ranging from 5-1000 p.g/L (ppb)

The VOC analyses ofthe hexane extracts wffl closely foUow EPA Method 8000B. Significant
deviations from this method wffl be clearly documented.

Formal data packages wffl be prepared for the analyses performed for aU Task 3 and 4 samples
wffl be prepared as discussed in Sections 2.4.3 and 2.4.4 in Chapter 2ofthe Implementation
Plan. The major QA/QC items pertaining to the VOC analyses include:

CaUbration standards wffl be prepared from a certified, custom VOC mix stock solution
containing each analyte of interest. The lot number of this custom mix wffl be included on
each initial caUbration data form.

The working caUbration curve wffl be verified through injection ofa QC check standard (100
(ig/L) at least once each analysis day. Ifthe response for any analyte varies from the predicted
response by more than ± 15%, a new caUbration curve wffl be prepared.
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Ablank hexane sample wffl beanalyzed between every 10 test samples.

A sample wffl be dUuted and reanalyzed if its GC peak area response is greater than that of the
highest caUbration standard being used that analysis day.

General Procedure for Task 4b Experiments - Measure the oxidation rate oforganic contaminants
in the hot spot groundwater and sludge

(To be conducted at RMAL)

IMPORTANT: Per the SOW, page 2-11, one of the duplicatesfor a single test condition listed in
Table 2-7 ofthe plan will be sacrificially extracted with hexane at reaction intervasl. Selection of
the test seriesfor this taskto beperformed will be determined at a laterdate.

NOTE: This experiment wffl beused to conduct the various test conditions presented in Table 2-
7 in Chapter 2 ofthe Implementation Plan. Control samples wffl be prepared and sampled
throughout the reaction time interval to quantify changes in concentration due to processes other
than oxidation. Inaddition to the dupUcate control samples, it iscurrently planned to run two (2)
test conditions (indupUcate) from Table 2-7 eachtime this procedure is used. Thus, 6 reactors
wffl be usedduring eachrun of this procedure, and this procedure wffl be conducted 6-7 times,
depending upon how/when the "blank" test series (NO TCE) is performed. Thecontrols and the
treatment reactors wffl aU contain the same media type and initial contaminant concentrations (i.e.,
aU conditions wffl be the same for each runof this procedure with the exception of the KMn04
concentration used.

Note: The 2,000 mg/L TCE spike solution in Table 2-7 experiments cannot beprepared inthe
same manner as the spike solution for the 10andlOO mg/L spike levels. Bothspiking methods are
included in this procedure.

1. SoUPrepping
AU groundwater andmedia to be used in these experiments (TSF-05 groundwater and sludge)
wffl beprepped by sparging to remove any residual TCE present on themedia. Doing so wffl
aUow this experiment to be conducted with consistent and controUed initial TCE concentrations
via contaminant spiking. (Properly indicate usage of this media in the treatabiUty study tracking
logbook.)

For the 10 and 100 mg/L Spike concentrations ONLY.
-Proceed to step 10 if spiking at DNAPL levels (2,000 mg/L TCE) in Table 2-7.

2. TCE Stock Solution Preparation
Prepare a STOCK (Saturated) TCE solution («1100 mg/L) by adding greater than 0.5 mL of
Pure TCE into a 500 mL flask fffled to volume with TSF-05 groundwater and keep refrigerated.

B-43



(Use ofa STOCK solution rather than pure phase TCE to prepare the spiking solution affords
better accuracy in obtaining the target concentration.) This can easUy be stored and used again in
subsequent experiments.

3. TCE Spike Solution Preparation, PART 1
Obtain the tare weight ofthe container to be used to prepare the spike solution (Tedlar bag, flask,
or equivalent). Fffl with unspiked 12°C TSF-05 groundwater («3070 mL or «2800 mL for the
10 and 100 mg/L spike condition, respectively). By gravimetric methods, determine the
amount ofunspiked groundwater added to the container. (A caUbration check ofthe gravimetric
scale wffl be performed each day of use.)

4. TCE Spike Solution Preparation, PART II
Add the appropriate quantity ofthe Saturated STOCK TCE solution to produce aTCE spike
solution with the concentration prescribed in Table 2-7 for the particular test series being ran.
The hot spot groundwater wffl only be spiked at 10 and 100 mg/L TCE viathismethod, thus
the volume ofsaturated STOCK TCE needed should be on the order of30 mL and 300 mL,
respectively. Please record the volume ofSTOCK TCE added (NOTE: will also added any
contaminants required during this step.) Place the spike solution in the incubator overnight at
12C for temperature equiUbration. Ensure that aU Information regarding the preparation ofthe
spiking solution wffl be recorded in the laboratory research notebook.

5. Obtain Tare Weights of Reactors
Prepare the test reactors tobe used. (The gas-tight reaction vessels acquired and tested in Task
2a wffl be used as the reactors in this experiment.) Obtain the tare weight ofeach, including the
weight of a ground glass standard taperstopper fitted with a Teflon sleeve.

6. Fffl with SoUd Phase Media

Add approximately 100-110 gofthe TSF-05 sludge desired for this particular test series (See
Table 2-7 in the Implementation Plan). Re-weigh each reactor to determine theactual amount
added (when appUcable).

7. CoUection of Initial SpikeSolution Samples
Remove the spike solution from the incubator, and obtain dupUcate aqueous samples («5 mL) of
the spike solution to obtain the initial TCE concentration ofthe spiked groundwater. Record the
time the sample is coUected. The dupUcate aUquot samples wffl be added to pre-weighed sample
containers holding aknown volume ofhexane (« 5 mL). Each sample container wffl be weighed
again after sample addition to determine the actual weight of sample added. These extracts wffl
be placed on ahorizontal shaker for 2hours. Store the extracts at 4°C untU G.C. analysis.

8. Distribution of SpikeSolution to Reactors
Quickly dispense thespike solution into each of thereactors to be used. Add «500mL to each
reactor. Immediately replace the ground glass stopper and re-weigh each to determine the actual
weight of spiked groundwater added.

9. Soil/Spike EquiUbration

Place the reactors in the incubator at 12°C and aUow the spike solution to equiUbrate for 24 hours
with the sludge. Agitate the reactors at «200 rpm during this step.
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For the DNAPL Spiking Level (2,000 mg/L TCE) in Table 2-7 ONLY
-Proceed to Step 15 if the samples were spiked at 10 or 100 mg/L

10. >2,000 mg/L Spiking: Obtain TareWeights of Reactors
Prepare the test reactors to be used. (The gas-tight reaction vessels acquired and tested in Task
2a wffl be used as the reactors in this experiment.) Obtain the tare weight ofeach, including the
weight of a ground glass standard taper stopper fitted with a Teflon sleeve.

11. Sludge Addition (>2,000 mg/L Spiking Condition)
Add approximately 100-110 gofthe TSF-05 sludge toeach reactor. Re-weigh each reactor (with
stopper/sleeve) to determine the actual amount of sludge added

12. >2,000 mg/LSpiking: Reactor Filling
Dispense«500 mL un-spiked TSF-05 groundwater into each of the reactors to be used.
Immediately replace the ground glass stopper/sleeve and re-weigh each to determine the actual
weight of groundwater added.

13. Reactor Spiking (>2,000 mg/L TCE)
To each ofthe six reactors, add enough pure phase TCE to achieve a TCE concentration of2,000
mg/L (should be around 700 pX pure TCE for 500mL of groundwater). Measure the mass
of the spiking syringe when fffled and then after spiking to determine the actual contaminant mass
added (a QC check on the initial TCE analysis). Information regarding the preparation ofeach
spiking solution wffl be recorded in the laboratory research notebook.

14. SpikeSolution EquiUbration (>2,000 mg/LSpikeCondition)
Place the reactors into the incubator at 200 rpm or greater and aUow the spike solutions to
equiUbrate at 12°C (likely overnight).

15. For the Oxidant Loadings of .01 and 0.1 wt% Mn04" in Table 2-7 ONLY
Preparation of Stock Mn04"Solution (4 wt%)
Add 2.66 g of crystalline KMn04 (Cams™ Free Flowing Technical Grade) into a 50 mL Flask
and fffl to volume with DI water, and aUow to mix for at least 2 hours.

16. Prepare Reactor Closure/Carbon Tubes
During equiUbration period, prepare the standard taper adapters/stopcock valve. (One Orbo
tubes willbe used for each reactor). Thevertical sampling port wffl be fitted with a smaU
septum. STORE UN-SEALED ORBO TUBES OUTSIDE OF THE LABORATORY FUME
HOODS. THE HOODS LIKELY HAVE THE GREATEST POTENTIAL FOR
"CONTAMINATING" THE TUBES WITH TCE AND OTHER VOCs.

17. CoUection of Pre-Reaction Sample from Each Reactor
After equiUbration, coUect a «10 mL aqueous sample using a long need and disposable syringe
from each ofthe reactors and quickly reseal. Record the time the sample is coUected and note
whether soUds were present in the aqueous sample. If significant soUds are present, a portion of
this aUquot volume may be used for a total soUds analysis.
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18. Preparation of Pre Reaction TCE Sample
Dispense (unfiltered) «3 mL ofthis aUquot sample into to apre-weighed vial holding a known
volume ofhexane («3 mL). This sample vial wffl be weighed again after sample addition to
determine the actual weight ofsample added. AU such extracts will be placed on a horizontal
shaker for 2hours. Store the extracts at 4°C untU G.C. analysis. Record the time this sample is
taken. (These samples wffl require Beta/Gamma Screenings before submittal toESD.)

19. Measurement of Pre Reaction pH Value
Tare asmaU beaker for pH analysis. Add a0.45 micron filter to the sample syringe and dispense
(filtered) the remaining portion of the sample in the syringe (*7 mL) into the tared beaker.
Reweigh the beaker to determine the volume ofthe sample (assuming that the soUds fraction is
negUgible). The pH analyses wffl be conducted using conventional pH meters/electrodes,
caUbrated each day of use via a minimum of two standard buffer solutions. Values obtained for
each sample wffl be recorded. AcaUbration check wffl also be conducted foUowing the last
sample to be measured each day. Values obtained for the samples wffl be corrected ifa significant
drift (i.e., > 15%) occurred.

20. For the Oxidant Loadings of .01 and 0.1 wt% Mn04' in Table 2-7 ONLY
Addition of Stock Mn04- Solution into Reactors

Quickly remove the ground glass stopper and add the needed volume ofstock KMn04 to obtain
theMn04" concentrations inTable 2-7 (approximately 1.25 mL and 12.5 mL for the0.01 and
.01%; Mn04" concentrations respectively). Replace the glass ground stoppers with the adapters
fitted with the stopcock and charcoal desorption tubes and quickly hand shake each reactor to
ensure rapid dissolution ofthe oxidant. (No oxidant wffl be added to the control reactors). The
time that the stock KMn04 is added to each individual reactor shaU also be recorded (reaction
start time). Place each reactor back into the 12°C incubator and 200 rpm or greater.

21. For the Oxidant Loadings of 1 and 3 wt% Mn04" in Table 2-7 ONLY
Addition of Crystalline KMn04 to Reactors, Part I
Pre-weigh out (into disposable tare boats) the needed quantities ofcrystalline KMn04 (Carus™
Free Flowing Technical Grade) that isneeded for each reactor according to which test condition
in Table 2-6 is being evaluated. For the 1and 3wt% Mn04" loadings, « 6.6 gand «20 gof
KMn04 will be needed for each reactor, respectively. Record the actual mass of KMn04
weighed out for each reactor.

22. For the Oxidant Loadings of 1 and 3 wt% Mn04' in Table 2-7 ONLY
Addition of CrystallineKMn04 to Reactors, Part II
Quickly remove the ground glass stopper and add these pre-weighed quantities ofKMn04 into
the appUcable reactors. Replace the glass ground stoppers with the adapters fitted with the
charcoal desorption tube assembhes and quickly hand shake each reactor to ensure rapid
dissolution ofthe oxidant. (No KMn04 wffl be added to the control reactors). The time that
KMn04 is added to each individual reactor shaU also be recorded (reaction start time). Place each
reactor back into the 12°C incubator and at 200 rpm ofgreater.
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23. 30 Minute Sampling
At approximately 30 minutes from the reaction start time, remove the reactors from the incubator
and coUect a 10mL aUquot (using a long needle and syringe with a LuerTip). Record the time
the sample is coUected. Replace the reactor(s) back into the incubator.

24. Preparation of 30 MinuteTCE Sample
Dispense (unfiltered) «3 mL of the coUected aUquot into a pre-weighed vial holding a known
volume of hexane («3 mL). This sample vial wffl beweighed again after sample addition to
determine the actual weight of sample added. AU such extracts wffl beplaced ona horizontal
shaker for 2 hours. Store the extracts at4°C untU G.C. analysis. (These samples wffl require
Beta/Gamma Screenings before submittal to ESD.)

25. pH Analysis of 30 Minute Sample
Tare a smaU beaker. Add a 0.45 urn syringe filter unto the end of the syringe and dispense
(filtered) the remaining portion of the sample in the syringe («7 mL) into a tared beaker for pH
analysis. Reweigh thebeaker to determine thevolume of the sample (assuming that the soUds
fraction is negUgible). Measure and record the pHof the sample as done inStep **

26. Mn04" Analysis of the 30 Minute Sample
Use a portion of thefiltered pH sample to perform a Mn04" analysis. The sample may have to be
dUuted so that its spectrophotometric absorbance (at X=525 nm) is less than that of the highest
standard to be prepared (50 mg/L Mn04-). Check standards (10 and 50 mg/L Mn04-) wffl be
prepared with reagent grade KMn04 and measured each analysis day. A new 5 point caUbration
curve wffl be prepared if the absorbance of these check standards differs from the expected value
by >15%.

27. CoUection and Analysis of Additional AUquot Samples
CoUect andanalyze aUquots fromeach reactor for TCE, pH, andKMn04 (Steps 23-26) at the
foUowing ADDITIONAL time periods: 2 hrs, 4 hrs, 6 hrs, 20 hrs, and 24 hrs.
IMPORTANT—For each reactor collect and extracta duplicate sample (Steps 23-26) from
one ofthe 6 time intervals being evaluated.

28. Extraction of Residual TCE in Reactor

Theentire contents of each reactor wffl be extracted with hexane. First, obtain a tare weight on
six (6) empty containers to be used for the hexane extraction (1 Uter VOA bottles). Measureout
400 mLof hexane into two (2) 200 mL volumetric flasks. Add 200 mL of the hexane directly
into the 1L extraction bottle. Quickly pourthecontents of each test reactor into a separate
extraction bottle. Use the remaining 200 mLflask of hexane to rinse anyresidual slurry from the
test reactor into the extraction bottle. Weigh and record the mass of the fffled extraction bottle to
determine the mass of the slurry and hexane added (taking into account the fact that hexane has a
specific gravity of 0.66).
(The mass of any remaining TCE on the soUd phase can be determined with this extraction when a
mass balance is performed using data fromthe aqueous aUquot sampling that was conducted
throughout the test.)
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29. Reactor Extraction Continued

Place each extraction bottle on a horizontal reciprocatingshaker for a rninimum of 2 hours then
coUect dupUcate hexane aUquots from each extraction bottle for G.C. analysis (dUutions may be
necessary).

30. Extraction of Charcoal Desorption Tubes
After the final ahquot samples are coUected, remove the charcoal desorption tube(s) from each
reactor. Eachcharcoal bed contained in the tube(s) wffl be placed into pre-fffled and pre-weighed
vials containing a known volume of hexane («5 mL). These extracts wffl be processed and
analyzed in the same manner as the aqueous aUquots for TCE.

31. VOC Sample Submittal
Submit 1 mL aUquots of the hexane extracts coUected during the experiment to ESD personnel
(dUuted to <1000 ppb, if necessary). TheseaUquots wffl be surveyed by health physics before
release to ESD.

32. Cleanup
Clean up the reactors for re-use in the next run of the experiment. Also place anywaste materials
generated from the experiment in the appropriate sateUite accumulation area.

33. GC ANALYSIS of VOCs

AU VOC analyses for this experiment wffl be conducted using a G.C/ECD detector. The
instrument wffl caUbrated for TCE, using a 5 point caUbration curve with standard concentrations
ranging from 5-1000 ug/L (ppb)

The VOC analyses of the hexane extracts wffl closely foUow EPA Method 8000B. Significant
deviations from this method wffl be clearly documented.

Formal datapackages wffl beprepared for theanalyses performed for aU Task3 and 4 samples
wffl be prepared as discussed inSections 2.4.3 and 2.4.4 in Chapter 2 of the Implementation
Plan. The major QA/QC items pertaining to the VOC analyses include:

CaUbration standards wffl be prepared from a certified, custom VOC mix stock solution
containing each analyte of interest. The lot number of this custom mix wffl be included on
each initial caUbration data form.

The working caUbration curve wffl be verified through injection of a QC check standard (100
ug/L) at least once each analysis day. If the response for any analyte varies from the predicted
response by more than ± 15%, a new caUbration curve wffl be prepared.

A blank hexane sample wffl be analyzed between every 10test samples.

A sample wffl be diluted andreanalyzed if its GC peakarea response is greater than that of the
highest caUbration standard being used that analysis day.
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34. Post Treatment TSF-05 Sludge TOC Analysis
Upon completion of the test period, the post-treatment sludges will be analyzed for total organic
carbon content following the guidance in SW846 method 9060 and the manufacturer's operating
instructions provided with the instrument. The carbon results will be corrected back to the
original dried starting weight of the sludge used in the test.
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