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Toxic Organic Degradation by Immobilized Nanoparticles and Free Radical Reactions 

Chloro-organics contamination of groundwater and soil is a 
prevalent concern in various locations. We have successfully evaluated 
highly effective methods for the destruction of toxic, chlorinated organics 
through comprehensive mechanistic probing of both oxidative (free-
radical reaction pathways) and reductive (zero-valent nanoscale metals) 
dechlorination systems. For the oxidative pathway, Fe(II), a chelate 
(citric acid or gluconic acid), and hydrogen peroxide are needed for free 
radical production. Highly effective dechlorination was obtained with 
TCE (trichloroethylene in soluble and as DNAPL form), and selected 
PCBs. Because of the diversity of chemicals present in hazardous 
waste and Superfund sites, the development of integrated, cost-effective 
technologies (both oxidative and reductive systems) is important for 
solving various remediation problems.

Introduction

Objectives
 Development of effective methods for the dechlorination of toxic 

organics

 Determine role of dopant metal in bimetallic nanoparticle 
reactivity

 Study potential for on-site generation of chemicals needed for 
chelate-modified Fenton reaction

 Determine effectiveness of both reductive and oxidative 
dechlorination in column studies to simulate groundwater flow
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Removal of TCE at Ambient Temperature

Reductive Dechlorination of TCE

(nano)Fe0 + TCE → Fe2+ + Ethane + 3Cl-

(Bulk)Fe0 + TCE → Fe2+ + intermediates  
+ nCl-

Systems Used:
Zerovalent metals (Fe), Bimetallic 
systems (Fe/Pd, Fe/Ni), Supported 
Platforms

Oxidative Destruction of TCE

TCE + OH. → CO2 , Organic Acids

Systems Used: 

Standard Fenton Reaction, 

Modified Fenton Reaction using 
nontoxic chelate (citrate, gluconic 
acid) (L) as a chelating agent (FeL).

Oxidative Destruction of TCE Using OH•

Fe2+ + H2O2*

Low pH

OH. + OH- + Fe3+

CO2, Oxidized 
organics, acids

Fe2+ + H2O2* + L*

Near 
Neutral pH

OH • + OH- + Fe3+

Oxidized organics

TCE TCE

Controlled OH•
Production Using 
the FeL complex

At near neutral pH, the Fe2+ will undergo
complexation as FeL. This slows OH•
production and prevents Fe(III) hydroxide pptn

Required Chemicals for Chelate-Based Modified 
Fenton Reaction

Citrate Ferrous Sulfate Hydrogen 
Peroxide

The Challenges of DNAPLs
1.) TCE droplets dispersed in the aqueous phase will act as a source of TCE and shrink
as mass is lost to the aqueous phase. The mass transfer between phases may have
substantial impact on the observed reaction time for both oxidation and reduction.

TCE 
Droplet

Saturated 
Aqueous Phase
(Reaction Zone)

TCE Droplet

2.) If DNAPL droplets are dispersed within soil and rock, they may require much greater
reaction times for direct treatment. To overcome this problem, surfactant addition can
potentially be used to mobilize the DNAPL from the sediment. Laboratory packed
columns operating under trickle-flow can be used to examine this phenomenon.

Oxidation or Reduction
Oxidation 

or 
Reduction 
Products

Dispersed DNAPL Droplets Dispersed DNAPL Droplets

DNAPL Extraction using 
surfactant injections

Mechanism of Reductive Dechlorination

RCl + H*  RH + Cl-

Fe0  Fe2+ + 2e-

Fe0 + 2H+  Fe2+ + H2

Reaction mechanism: electron transfer
(Matheson et al., Environ. Sci. 
Technol. 28, 2045-2053, 1994)

(Meyer and Bhattacharyya, J. Phy. Chem, 
2007;Xu et al, J.Nanopar.Res. 7, 449-467, 
2005)

Fe2
+

e-

RCl + 
H+Fe0

RH + Cl-

RCl + 2e- + H+  RH + Cl-

RCl + Fe0 + H+  Fe2+ + RH + Cl-

Cl

ClCl Cl

Cl

ClClCl

Cl

Cl
CH2H2C

(Xu & Bhattacharyya, Environ. Prog., 24, 358, 2005)

Fe2+

e-
H2O

RH + Cl-

Fe0

Pd0

H2

H*

RCl

Bimetallic 
system

Single Fe0

system

Reaction mechanism: catalytic hydrodechlorination

H2 + Pd  Pd-H + H* 

Cl

ClCl

CH3H3C
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Reductive Dechlorination of TCE by Membrane-
based Bimetallic Nanoparticles

Fast and complete degradation 
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Longevity of Fe/Ni Nanoparticle Reactivity

•Fe/Ni (Ni =25 
wt%) in 
PAA/PVDF 
membranes 

•Metal loading: 
0.08g/20ml

•16 cycles of 
TCE 
dechlorination

Metal loading:4.5mg/20mL
Fe/Ni (Ni = 25 wt%)

Conclusions
 Demonstrated fast and complete dechlorination of TCE and 

selected PCBs by nanomaterial-based reductive process.  
Demonstrated further breakdown of biphenyl by chelate-
modified Fenton reaction.

 Developed an in-situ polymerization functionalization method to 
enhance the metal capture and immobilization as well as the 
control of nanoparticle size and distribution through high 
loading of ion-exchange groups inside membrane pores.

 Quantified the role of dopant metal (Pd) and the effect of 
dopant coating content in terms of bimetallic nanoparticle 
reactivity.

 Demonstrated TCE-DNAPL could be dechlorinated by chelate-
modified Fenton reaction at neutral pH environment.

 Achieved controllable degradation of PCP using the Fenton 
reaction immobilized within PAA/PVDF membrane pores

 Both oxidative and nanotechnology-based treatments of TCE in 
a simulated groundwater column demonstrated > 50% TCE 
removal using minimal chemical dosing.

H2O2

Fe2+ + nontoxic chelate

TCE, PCB, etc

Ground level

Groundwater Remediation Using Combined 
Strategies For Reduction and Oxidation

Fe, Fe/Pd, 
Fe/ Ni

Reduction Oxidation

GroundwaterEthane

Organic Acids 
and/or CO2

Non-dissolved 
CO2

Enhanced downstream bio-
attenuation of products because of 

biodegradable chelate (gluconic acid, 
citrate)

Dechlorination 
Products and/or 
Intermediates

Room temperature

?

Reductive Dechlorination of Polychlorinated 
Biphenyls (PCBs)

PCB 77 (3,3’,4,4’) dechlorination by Fe nanoparticles
at room temperature (from Lowry, et al., Environ. Sci. 
Technol. 2004, 38, 5208)

Metal loading: 4 g/L
kSA: 6.3×10-8 L h-1 m-2

t1/2: 73 days
Negligible biphenyl formation
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Metal loading: 0.8 g/L
Pd = 2.3 wt%
kSA: 0.11 L h-1 m-2

t1/2: 20 min
Complete biphenyl formation

PCB 77 (3,3’,4,4’) dechlorination by membrane 
based Fe/Pd (Pd=2.3 wt%) nanoparticles at room 
temperature

Cl Cl

Cl

Cl

PCB 77 (3,3’,4,4’)

Biphenyl 
Formation

Biphenyl Oxidation by Fe2+ + H2O2 + PAA 
System at pH 7
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Kinetic Model for Biphenyl Oxidation
Biphenyl analyzed by GC/MS
Additional experiment

additional 0.5 mM 
H2O2 was injected

[Biphenyl]0 = 0.025 mM 
[Fe] = 0.2 mM           
[H2O2]0 = 0.5 mM            
[COO-] of PAA : [Fe] = 3:1 
pH = 7 

Catalyzed H2O2 Propagations by 
Membrane-Immobilized Fe Ions

PAA/PVDF 
membrane with 

Fe2+ / Fe3+

H2O2

OH• generation

H2O2 and PCP conversion for membrane-immobilized Fenton 
reaction with 22 μmol of captured Fe(III) at pH = 6.  Feed containes 

150 μmol/L H2O2 and 20 μmol/L PCP.  τ = 60 ± 2 s, water 
permeability = 1.7 × 10-4 cm3 cm-2 bar-1 s-1.
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Chelate-Modified Fenton Reaction 
Using DIUF Water with TCE DNAPL and 

Varying Fe(II):H2O2 Molar Ratio

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10
Time (hr)

TC
E/

TC
E 0

0.0

0.2

0.4

0.6

0.8

1.0

C
l- /C

l- m
ax

1:1:1:4 TCE 1:1:1:8 TCE TCE Control
1:1:1:4 Cl- 1:1:1:8 Cl- Cl- Control

TCE droplets

Chloride Formation

TCE

Initial pH = 7.0
TCE0 = 2000ppm

Reductive Dechlorination of TCE
Metal Nanoparticles

Solution Phase

Synthesis

Polymer Domain

Fe0 Phase 
Inversion

Ion-
Exchange

Supported
Fe0, Fe0/Ni, 
or Fe0/Pd

(Bimetallic via 
Postcoating)

TCE 
Solution

Ethane

Fe0/Ni, 
Fe0/Pd

NaBH4

NaBH4
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6-16,18-06 182.5ppm

		

		TCE

		Co (ppm)		182.5				MW (g/mol)		131.39

		Co (mM)		1.39

		Cl-						Theorectical						MW (g/mol)		35.45

		Co (ppm)		0				Cf (ppm)		147.7				Cl-/TCE		3

		Co (mM)		0				Cf (mmol)		4.17

														Vial Volume (mL)		40

		1:1:1:4 DIUF

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		459778917

		mV						EDB area		717025252

		Cl- (ppm)		263290				sample TCE (ppm)		16.6961035181

		Cl- (mmol)		7427.1				extraction factor		3

		% TCE dechlor		178236.4%				TCE (ppm)		50.09				Actual Co (ppm)		182.5

		TCE (ppm)		-325098.9				TCE (mmol)		0.381				Actual Co (mmol)		1.39

		Cl-/Cl-max		1782.364				% TCE dechlorinated		72.6%

		1:1:1:4 Tap

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		4989717

		mV						EDB area		431461647

		Cl- (ppm)		263290				sample TCE (ppm)		2.4409956014

		Cl- (mmol)		7427.1				extraction factor		3

		% TCE dechlor		178236.4%				TCE (ppm)		7.32				Actual Co (ppm)		182.5

		TCE (ppm)		-325098.9				TCE (mmol)		0.056				Actual Co (mmol)		1.39

		Cl-/Cl-max		1782.364				% TCE dechlorinated		96.0%

		1:2:2:4 DIUF

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area

		mV						EDB area

		Cl- (ppm)		263290				sample TCE (ppm)		0

		Cl- (mmol)		7427.1				extraction factor		3

		% TCE dechlor		178236.4%				TCE (ppm)		0.00				Actual Co (ppm)		182.5

		TCE (ppm)		-325098.9				TCE (mmol)		0.000				Actual Co (mmol)		1.39

		Cl-/Cl-max		1782.364				% TCE dechlorinated		0.0%

		1:2:2:4 Tap

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area

		mV						EDB area

		Cl- (ppm)		263290				sample TCE (ppm)		0

		Cl- (mmol)		7427.1				extraction factor		3

		% TCE dechlor		178236.4%				TCE (ppm)		0.00				Actual Co (ppm)		182.5

		TCE (ppm)		-325098.9				TCE (mmol)		0.000				Actual Co (mmol)		1.39

		Cl-/Cl-max		1782.364				% TCE dechlorinated		0.0%

		Control 1:1:1:4

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area

		mV						EDB area

		Cl- (ppm)		263290				sample TCE (ppm)		0

		Cl- (mmol)		7427.1				extraction factor		3

								TCE (ppm)		0.00

								TCE (mmol)		0.000

		Control 1:2:2:4

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area

		mV						EDB area

		Cl- (ppm)		263290				sample TCE (ppm)		0

		Cl- (mmol)		7427.1				extraction factor		3

								TCE (ppm)		0.00

								TCE (mmol)		0.000





7-8-06 2000ppm DIUF

		

		TCE

		Co (ppm)		2007.5				MW (g/mol)		131.39

		Co (mM)		15.28

		Cl-						Theorectical						MW (g/mol)		35.45

		Co (ppm)		0				Cf (ppm)		1624.9				Cl-/TCE		3

		Co (mM)		0				Cf (mmol)		45.84

														Vial Volume (mL)		40

		1:1:1:4

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		998467723				6.25N NaOH add (mL)		0.200

		mV		135.8				EDB area		494260713				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		786				sample TCE (ppm)		86.6872585123				30% H2O2 add (mL)		0.254

		Cl- (mmol)		22.2				extraction factor		3

		% TCE dechlor		48.4%				TCE (ppm)		255.25				Actual Co (ppm)		1970.4

		TCE (ppm)		1036.5				TCE (mmol)		1.943				Actual Co (mmol)		15.00

		Cl-/Cl-max		0.493				% TCE dechlorinated		87.0%

		1:1.5:1.5:6

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		1311265027				6.25N NaOH add (mL)		0.300

		mV		134.7				EDB area		486956508				4N H2SO4 add (mL)		0.400

		Cl- (ppm)		798				sample TCE (ppm)		140.1501140512				30% H2O2 add (mL)		0.380

		Cl- (mmol)		22.5				extraction factor		3

		% TCE dechlor		49.1%				TCE (ppm)		409.40				Actual Co (ppm)		1954.7

		TCE (ppm)		1021.6				TCE (mmol)		3.116				Actual Co (mmol)		14.88

		Cl-/Cl-max		0.504				% TCE dechlorinated		79.1%

		1:2:2:8

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		1401243414				6.25N NaOH add (mL)		0.400

		mV		143.0				EDB area		524492376				4N H2SO4 add (mL)		0.500

		Cl- (ppm)		587				sample TCE (ppm)		138.2754651401				30% H2O2 add (mL)		0.508

		Cl- (mmol)		16.5				extraction factor		3

		% TCE dechlor		36.1%				TCE (ppm)		400.72				Actual Co (ppm)		1939.2

		TCE (ppm)		1282.9				TCE (mmol)		3.050				Actual Co (mmol)		14.76

		Cl-/Cl-max		0.374				% TCE dechlorinated		79.3%

		Feed

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		2279320716

		mV		198.0				EDB area		458232974

		Cl- (ppm)		50				sample TCE (ppm)		415.8247696557

		Cl- (mmol)		1.4				extraction factor		3

								TCE (ppm)		1247.47

								TCE (mmol)		9.494





8-2-06 2000ppm DIUF 2step

								final pH too low

		TCE

		Co (ppm)		2007.5				MW (g/mol)		131.39

		Co (mM)		15.28

		Cl-						Theorectical						MW (g/mol)		35.45

		Co (ppm)		0				Cf (ppm)		1624.9				Cl-/TCE		3

		Co (mM)		0				Cf (mmol)		45.84

														Vial Volume (mL)		40

		1:1:1:4

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		1842983245				6.25N NaOH add (mL)		0.250

		mV		128.3				EDB area		684966382				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		1012				sample TCE (ppm)		139.9583438604				30% H2O2 add (mL)		0.254

		Cl- (mmol)		28.5				extraction factor		3

		% TCE dechlor		62.3%				TCE (ppm)		411.60				Actual Co (ppm)		1967.9

		TCE (ppm)		757.3				TCE (mmol)		3.133				Actual Co (mmol)		14.98

		Cl-/Cl-max		0.635				% TCE dechlorinated		79.1%

		1:1:1:8

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		942989625				6.25N NaOH add (mL)		0.250

		mV		119.4				EDB area		674358340				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		1366				sample TCE (ppm)		48.5361331065				30% H2O2 add (mL)		0.508

		Cl- (mmol)		38.5				extraction factor		3

		% TCE dechlor		84.1%				TCE (ppm)		141.86				Actual Co (ppm)		1955.8

		TCE (ppm)		320.0				TCE (mmol)		1.080				Actual Co (mmol)		14.89

		Cl-/Cl-max		0.863				% TCE dechlorinated		92.7%

		Control

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area

		mV						EDB area

		Cl- (ppm)		263290				sample TCE (ppm)		0

		Cl- (mmol)		7427.1				extraction factor		3

								TCE (ppm)		1050.00

								TCE (mmol)		7.991

								TCE area		2136949839

								EDB area		684907360

								sample TCE (ppm)		180.6903249262

								extraction factor		10

								TCE (ppm)		1806.90

								TCE (mmol)		13.752

										36138.0649852373

										21000

										1428.4516246309

										0.7325392947

		1:1:1:4 (duplicate)

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		2022478503				6.25N NaOH add (mL)		0.250

		mV		128.7				EDB area		713831113				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		998				sample TCE (ppm)		152.9162989164				30% H2O2 add (mL)		0.254

		Cl- (mmol)		28.2				extraction factor		3

		% TCE dechlor		61.4%				TCE (ppm)		449.71				Actual Co (ppm)		1967.9

		TCE (ppm)		774.0				TCE (mmol)		3.423				Actual Co (mmol)		14.98

		Cl-/Cl-max		0.627				% TCE dechlorinated		77.1%

		1:1:1:8 (duplicate)

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		1011659345				6.25N NaOH add (mL)		0.250

		mV		119.9				EDB area		717978848				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		1343				sample TCE (ppm)		49.1004362375				30% H2O2 add (mL)		0.508

		Cl- (mmol)		37.9				extraction factor		3

		% TCE dechlor		82.7%				TCE (ppm)		143.51				Actual Co (ppm)		1955.8

		TCE (ppm)		348.2				TCE (mmol)		1.092				Actual Co (mmol)		14.89

		Cl-/Cl-max		0.848				% TCE dechlorinated		92.7%

		Control (duplicate)

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area

		mV						EDB area

		Cl- (ppm)		263290				sample TCE (ppm)		0

		Cl- (mmol)		7427.1				extraction factor		3

								TCE (ppm)		1050.00

								TCE (mmol)		7.991

								TCE area		2163975083

								EDB area		684953888

								sample TCE (ppm)		184.6700602538

								extraction factor		10

								TCE (ppm)		1846.70

								TCE (mmol)		14.055

										36934.0120507683

										21000

										1448.3503012692

										0.7427437442





8-3-06 2000ppm DIUF 2step

		

		TCE

		Co (ppm)		2007.5				MW (g/mol)		131.39

		Co (mM)		15.28

		Cl-						Theorectical						MW (g/mol)		35.45

		Co (ppm)		0				Cf (ppm)		1624.9				Cl-/TCE		3

		Co (mM)		0				Cf (mmol)		45.84

														Vial Volume (mL)		40

		1:1:1:4

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		725000798				6.25N NaOH add (mL)		0.350

		mV		128.5				EDB area		717441145				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		1005				sample TCE (ppm)		30.2218384789				30% H2O2 add (mL)		0.254

		Cl- (mmol)		28.4				extraction factor		3

		% TCE dechlor		61.9%				TCE (ppm)		88.66				Actual Co (ppm)		1963.1

		TCE (ppm)		765.7				TCE (mmol)		0.675				Actual Co (mmol)		14.94

		Cl-/Cl-max		0.633				% TCE dechlorinated		95.5%

		1:1:1:8

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		1609133103				6.25N NaOH add (mL)		0.400

		mV		119.7				EDB area		772726767				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		1352				sample TCE (ppm)		91.1054962949				30% H2O2 add (mL)		0.508

		Cl- (mmol)		38.1				extraction factor		3

		% TCE dechlor		83.2%				TCE (ppm)		265.30				Actual Co (ppm)		1948.7

		TCE (ppm)		337.0				TCE (mmol)		2.019				Actual Co (mmol)		14.83

		Cl-/Cl-max		0.857				% TCE dechlorinated		86.4%

		Control

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		3473917316

		mV						EDB area		768017082

		Cl- (ppm)		263290				sample TCE (ppm)		349.7810322291

		Cl- (mmol)		7427.1				extraction factor		3

								TCE (ppm)		1049.34

								TCE (mmol)		7.986

								TCE area		2142604989

								EDB area		600935271

								sample TCE (ppm)		228.3907085076

								extraction factor		10

								TCE (ppm)		2283.91

								TCE (mmol)		17.383

										45678.1417015204

										20986.8619337479

										1666.6250908817

										0.8546795338





9-5-06 2000ppm DIUF 2step

		

		TCE

		Co (ppm)		2007.5				MW (g/mol)		131.39

		Co (mM)		15.28										Cl- calibration		-2.3

		Cl-						Theorectical						MW (g/mol)		35.45

		Co (ppm)		0				Cf (ppm)		1624.9				Cl-/TCE		3

		Co (mM)		0				Cf (mmol)		45.84												1114		1114		1118		1118

														Vial Volume (mL)		40						GC		Cl		GC		Cl

		1:1:1:4 4hr																		0		1		0		1		0

		Cl- Analysis						GC/MS												0.5		0.598		0.287		0.534		0.409

		dilution factor		100				TCE area		2739250257				6.25N NaOH add (mL)		0.300				1.5		0.428		0.497		0.190		0.586

		mV		135.6				EDB area		874415539				4N H2SO4 add (mL)		0.300				4		0.272		0.537		0.033		0.748

		Cl- (ppm)		855				sample TCE (ppm)		181.9641567969				30% H2O2 add (mL)		0.254				10		0.209		0.635		0.073		0.863

		Cl- (mmol)		24.1				extraction factor		3										0		1						0

		% TCE dechlor		52.6%				TCE (ppm)		534.48				Actual Co (ppm)		1965.5				10		0.854						0

		TCE (ppm)		951.2				TCE (mmol)		4.068				Actual Co (mmol)		14.96

		Cl-/Cl-max		0.537				% TCE dechlorinated		72.8%

		1:1:1:8 4hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		731076750				6.25N NaOH add (mL)		0.310

		mV		126.0				EDB area		904692238				4N H2SO4 add (mL)		0.300

		Cl- (ppm)		1182				sample TCE (ppm)		22.334506979				30% H2O2 add (mL)		0.508

		Cl- (mmol)		33.3				extraction factor		3

		% TCE dechlor		72.7%				TCE (ppm)		65.18				Actual Co (ppm)		1952.9

		TCE (ppm)		547.6				TCE (mmol)		0.496				Actual Co (mmol)		14.86

		Cl-/Cl-max		0.748				% TCE dechlorinated		96.7%

		1:1:1:4 0.5hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		2116277154

		mV		153.6				EDB area		755435849

		Cl- (ppm)		466				sample TCE (ppm)		149.9715860137

		Cl- (mmol)		13.1				extraction factor		3

		% TCE dechlor		28.7%				TCE (ppm)		449.91				Actual Co (ppm)		2007.5

		TCE (ppm)		1431.6				TCE (mmol)		3.424				Actual Co (mmol)		15.28

		Cl-/Cl-max		0.287						77.6%

								TCE area		2637306570

								EDB area		825363633

								sample TCE (ppm)		188.3615030312

								extraction factor		10

								TCE (ppm)		1883.62

								TCE (mmol)		14.336

										37672.3006062331

										8998.2951608216

										1166.7648941764

								40.2%		0.5983409714

		1:1:1:4 1.5hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		1227532804

		mV		137.3				EDB area		888810994

		Cl- (ppm)		807				sample TCE (ppm)		47.6317326402

		Cl- (mmol)		22.8				extraction factor		3

		% TCE dechlor		49.7%				TCE (ppm)		142.90				Actual Co (ppm)		2007.5

		TCE (ppm)		1010.0				TCE (mmol)		1.088				Actual Co (mmol)		15.28

		Cl-/Cl-max		0.497						92.9%

								TCE area		2222685243

								EDB area		784839168

								sample TCE (ppm)		152.8005857615

								extraction factor		10

								TCE (ppm)		1528.01

								TCE (mmol)		11.630

										30560.1171522976

										2857.9039584139

										835.4505277678

								57.2%		0.4284361681

		1:1:1:8 0.5hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		1411317500

		mV		143.1				EDB area		740446728

		Cl- (ppm)		664				sample TCE (ppm)		78.8760553062

		Cl- (mmol)		18.7				extraction factor		3

		% TCE dechlor		40.9%				TCE (ppm)		236.63				Actual Co (ppm)		2007.5

		TCE (ppm)		1187.1				TCE (mmol)		1.801				Actual Co (mmol)		15.28

		Cl-/Cl-max		0.409						88.2%

								TCE area		2588280516

								EDB area		819703118

								sample TCE (ppm)		184.4949818978

								extraction factor		10

								TCE (ppm)		1844.95

								TCE (mmol)		14.042

										36898.996379568

										4732.5633183696

										1040.7889924484

								46.6%		0.5337379448

		1:1:1:8 1.5hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		2060020857

		mV		132.4				EDB area		846937825

		Cl- (ppm)		952				sample TCE (ppm)		117.9455635749

		Cl- (mmol)		26.9				extraction factor		3

		% TCE dechlor		58.6%				TCE (ppm)		353.84				Actual Co (ppm)		2007.5

		TCE (ppm)		830.9				TCE (mmol)		2.693				Actual Co (mmol)		15.28

		Cl-/Cl-max		0.586						82.4%

								TCE area		934986182

								EDB area		777264402

								sample TCE (ppm)		38.780608122

								extraction factor		10

								TCE (ppm)		387.81

								TCE (mmol)		2.952

										7756.1216244008

										7076.7338144964

										370.8213859724

								81.0%		0.1901648133

		Control

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		3002770232

		mV						EDB area		775427331

		Cl- (ppm)		263290				sample TCE (ppm)		264.4979993016

		Cl- (mmol)		7427.1				extraction factor		3

								TCE (ppm)		793.49

								TCE (mmol)		6.039

								TCE area		2174399969

								EDB area		740770345

								sample TCE (ppm)		162.5355222055

								extraction factor		10

								TCE (ppm)		1625.36

								TCE (mmol)		12.370

										32507.1044411072

										15869.879958097

										1209.4246099801

										0.6202177487





9-5-06 2000ppm DIUF 2step
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9-10-06 2000ppm DIUF 1step
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		TCE

		Co (ppm)		2007.5				MW (g/mol)		131.39				Cl- calibration		-2.3

		Co (mM)		15.28

		Cl-						Theorectical						MW (g/mol)		35.45

		Co (ppm)		0				Cf (ppm)		1624.9				Cl-/TCE		3

		Co (mM)		0				Cf (mmol)		45.84												1114		1114		1118		1118

														Vial Volume (mL)		40						GC		Cl		GC		Cl

		1:1:1:8 10hr																		0		1		0		1		0

		Cl- Analysis						GC/MS												0.5		0.000		0.000		0.046		46.999

		dilution factor		100				TCE area						6.25N NaOH add (mL)		0.310				1.5		0.000		0.000		0.000		0.542

		mV						EDB area						4N H2SO4 add (mL)		0.300				4		0.000		48.313		0.000		48.313

		Cl- (ppm)		76370				sample TCE (ppm)		0				30% H2O2 add (mL)		0.508				0		1

		Cl- (mmol)		2154.3				extraction factor		3										4		0.854

		% TCE dechlor		4699.9%				TCE (ppm)		0.00				Actual Co (ppm)		1952.9

		TCE (ppm)		-92343.7				TCE (mmol)		0.000				Actual Co (mmol)		14.86

		Cl-/Cl-max		48.313				% TCE dechlorinated		0.0%

		1:1:1:8 4hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area						6.25N NaOH add (mL)		0.310

		mV						EDB area						4N H2SO4 add (mL)		0.300

		Cl- (ppm)		76370				sample TCE (ppm)		0				30% H2O2 add (mL)		0.508

		Cl- (mmol)		2154.3				extraction factor		3

		% TCE dechlor		4699.9%				TCE (ppm)		0.00				Actual Co (ppm)		1952.9

		TCE (ppm)		-92343.7				TCE (mmol)		0.000				Actual Co (mmol)		14.86

		Cl-/Cl-max		48.313				% TCE dechlorinated		0.0%

		1:1:1:8 0.5hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		112549859

		mV						EDB area		949477682

		Cl- (ppm)		76370				sample TCE (ppm)		4.0799925352

		Cl- (mmol)		2154.3				extraction factor		3

		% TCE dechlor		4699.9%				TCE (ppm)		12.24				Actual Co (ppm)		2007.5

		TCE (ppm)		-92343.7				TCE (mmol)		0.093				Actual Co (mmol)		15.28

		Cl-/Cl-max		46.999						99.4%

								TCE area		541188571

								EDB area		838534976

								sample TCE (ppm)		16.8274046097

								extraction factor		10

								TCE (ppm)		168.27

								TCE (mmol)		1.281

										3365.4809219486

										244.7995521099

										90.2570118515

								95.4%		0.0462856471

		1:1:1:8 1.5hr

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area		298738874

		mV		132.4				EDB area		855973133

		Cl- (ppm)		881				sample TCE (ppm)		8.6998295642

		Cl- (mmol)		24.9				extraction factor		3

		% TCE dechlor		54.2%				TCE (ppm)		26.10				Actual Co (ppm)		2007.5

		TCE (ppm)		918.6				TCE (mmol)		0.199				Actual Co (mmol)		15.28

		Cl-/Cl-max		0.542						98.7%

								TCE area

								EDB area

								sample TCE (ppm)		0

								extraction factor		10

								TCE (ppm)		0.00

								TCE (mmol)		0.000

										0

										521.9897738529

										0

								0.0%		0

		Control

		Cl- Analysis						GC/MS

		dilution factor		100				TCE area

		mV						EDB area

		Cl- (ppm)		76370				sample TCE (ppm)		0

		Cl- (mmol)		2154.3				extraction factor		3

								TCE (ppm)		0.00

								TCE (mmol)		0.000

								TCE area

								EDB area

								sample TCE (ppm)		0

								extraction factor		10

								TCE (ppm)		0.00

								TCE (mmol)		0.000

										0

										0

										0

										0
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