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Many documents and Internet resources were reviewed to supply information for this technical 
memorandum. In situ methods of groundwater treatment are being researched on a number of 
fronts, both in the government and private sectors. To assist government and private remediation 

.projects, a number of governmental entities and technical groups have focused on emerging 
• ••• .technologies fOr in situ groundwater remediation. Some of these groups and their respective 

aregiven. . below:  

Department of-Energy.... 
• Office of Science and Technology, http://www.osti.gov/ 
• SubsurfaCe Contaminants Focus Area, http://www.envnet.org/scfa/  
• Office of Environmental Management (EM): TechCon ( -Technology Connection") 

• Program, http://www.web.ead.anl.gov.techcon/index.cfin   
• Office of Environmental Management (EM): Innovative Treatment Remediation 

Demonstration Program, http://www.em.doe.gov/itrd/  - 
U.S. Department of Defense: 	 • 

„v. 	;;.,Attategic,.Envitontnental..ReseatchAnctp,eye LoptrienJ4F.'1,),.($ P.M"),  
— 	 • 	• hitp://www.serdp:oref • • 	• 	.• ••. 	: -••• • 	• 	. 	

. 	_ 
• ..- 	• 	••- 

. Environmental Security Technology Certification Program (ESTOP). 
• hitp://www  .estcp.org  • 	" 	- 	• 	 • • • • 

U.S. Environmental Protection. Agency: 
• Technology Innovat1/2n Office (T10): http://www.epa.gov/swertiol/  
• (affiliated) Ground Water Remediation Technologies Center (GWRTAC): 

• http://www.gwrtac.org/ 	 . 
Federal and State-Cooperatives: 

• - .interstate.Techno:ogy.And Regulatory Cooperation-  ork Group: DNAPLs/ •-, 
Teain;.http://Www..itfe-Weliorg/cOrninon/default;aiii.:: -:: ,  
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so I% ents-,irysoit and..groundwater at-three sites:.-Savannah  
Gaseous Diffusion Plant. Piketon. OH: and Kansas City Plant. Kansas City; MO (ESTOP, 1999). 
In addition, the Department of Defense (DOD) has utilized in situ chemical .oxidation technology 
at a number of sites for the remediation of VOCs including chlorinated solvents. Most 
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applications of this technology have been performed on a pilot scale, but some have progressed 
to full-scale operations. 

- 1.1 	TCE Contamination at the GWOU 
•• • - 	- 	 . 	. 	. 

. -±,-,'"•-•*7:::.-ICE•contaminatioil'Of groundwater at the chemical plant area•is localized4riinatily in the • - • ••., •••• 
••• 	 Vicinity of the raffinate pits within two zones (DOE, 1999a). Recent TCE concentrations range 

. 	from 0.5 to 870 ug/L, compared to the EPA Maxiintiin ContarninanfLiMit (MCL) of•5 pi/L. • • 
• • The shallow aquifer beneath the chemical plant is made up of fractured, weathered limestone that 

is highly heterogeneous because of weathering, solutioning, fracture patterns, and paleochaniael 
development on the bedrock surface. The paleochannels, mapped from extensive borehole data, 
have been correlated with troughs in the potentiometric surface of the shallow aquifer. Conduit 
flow in the paleochannels is indicated by dye tracer testing, which has measured average 
groundwater velocities of up to 2 ft/min (DOE, 1999a), 

• 
.The.sourCe for the dissolved TCE inArroundwater at t he chemical. plant has not been identi6ed1.- 	. • ,,• 	 • ••-• 	 • 	• 	 • 	 • - 

•• with certainty (MK Enviranirierital, 1997); hoWever, the preserke-OfTCE iibelieved to- be a .  
relatively recent occurrence (DOE and DA, 1997). Potential source zones are waste drums 	• 

" ---. .renioVed• from the southeastern comer of Raffinate Pit 4 and Contaminated . soils• -and•tludgein • :•-•-••": ••:• • *:. • 
Raffinate Pits 3 and 4. Although sampling of oil residues from the drums in Pit 4 indicated ICE 	• 
at levels up to 280,000 µg/kg, samples from the underlying soils and sludge from the pits did not' 
indicate any significant TCE source. It is possible that the -,.-.urce may have already been 	• 	- 
depleted (DOE and DA. 1997). The selected remedial alternative (DOE, 1999b) for the GWOU! • 

. • 	- 	 ......... .. 	 . 	 . . . 	, 	_ 	. 
_ _ will focus_ort the reduction,of_dissoived ICE.contamination_in groundwater._____ 
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• hydrogen peroxide (H,0 7 ), including Fenton's Reagent (H 2O, 	) 
• permanganate (potassium, KMn0„ and sodium, NaMn0,) 
• ozone (0,) 

. 	' 

•-:.•••-,;:----tach or theie treatment•has been-applied• at pilot or full scale at' OVeintrierit 0 - private 
remediation project sites with varying success. Table I-1 below is extracted from a recent suiVey  

-:. • • • • of 42 sites' erformed by the•D0D's Environrnental.Security..Technology Certification. Program 	_ 
..SESTCP; 1999) where in situ chemical oxidation treatments were carried out at private, DOD, 

and DOE sites. 	• 	
. 

Table 1-1. Characteristics of 42 sites where in situ chemical oxidation has been applied. 

. . . . . 	 • 	. . . 

• Total DOD Sites 	DOE Sites Private Sites 
Number of Sites 42 25 14 	 3 

10 Contaminants CVOC' 
BTEXITPH - 

—• 	• Both 

6 
5 

Media Treated 
19 
20 	 : 
3 

Hydrogen Peroxide (Fenton) 
Potassium Permanganate 

Ozone 
• Vendor 	 GeoCleanse 
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iliarglitTleig Were.,  - 	 • 	• peroxi e (Fenton s Reagent ):  
1,1 	:,...consie2red failures (including  one subsurface .explOsiO:rirth at terminated iri situ treatment 	 • 

s ite). The three DOE sites were-considered demonstration projects. but•onl y  one is listedas 	• • .•- 
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full-scale demonstration. Of the three DOE sites, two sites were treated with potassium 
permanganate and one was treated with Fenton's Reagent 

• 
All of the treatments at the 25 private sites were.described as successes. Ten of the sites have • 
proceeded' to full-scale application with others to follow. The description of theSetreatments as 

- • successes (e.g., the state issues-a No Further. Action letter) is, in many cases, based on relatively little lo-n-g-term data to . 
 judge the potential for rebound in groundwater concentrations.,...It is • - 

understood thatfailures.arernore:-.Iikely.to berepotted at gOV•.ent sites thanit *private sites; .. ifierefOre,:.th e extent of failure is. rObablY more_prevalent than these results indicate (ESTCP. 

• 
• _. _.._.... .... P   

13 	Regulatory Issues 

Application of chemical oxidants for groundwater treatment generally involves the direct 
injection of the oxidant into an Aquifer_through-an-injection-W61171-rij-

ec-tron wells are regulated. by 	 the Underground Injection Control (WC) program .  under the,Federal.,Safe„Drinking,Watet YAet:'zr___'::.-: 

	

.Fo..,7.'..: -.-. t -  • 	-. 	• - '- The purRos.e.ofthe.-:VIC:prograriiii...ti diiii:tiulasotirc. es of drinking . water . bY - — • . 	, 	. 
 

:____..prohibiting injections that-
MaYaffect water quality. Under the UIC program,„Mjection, of any-• :.::- ., .-.:. -'- 

fluid into a well isproliibited, except as authorized by permit or rule: Injection of chemicals for 
 the purpose of 

aquifer remediation and experimental technologies is distinguished from 
hazardous waste injection and is desigratcd Class V under the UIC prograrn. Contaminated . aquifers at Superfund r i : :s 

may not necessarily serve as underground sources of drinking water, 
and therefore, UIC requirements may net apply to wells at CERCLA . sites (EPA, 1996). - •-- 1 i ....-_-  ._ . 	. 	. 	. 

.. ......... __Missouri is among 25 stae-§Witha-UTCPiOgr—airi:tha-i-has been delegated 
complete primcy:.,,In. . 	., 	. _ some.states,.variaiieeSh'ave been granted - from Ai 1eS that prohibit -*-::.7.9.f.disChtar  $6.1":'.for-7:-::;;i::- 

 ..„.  

I011oWing';( 1TRC:;200)•:. 
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Hydrogen Peroxide 1-1 ..0; ) 
Permanganate (MnO.) 
Chloe_ne Dioxide (C10,1 
Chlorine.(C1) . 

1.78 131 
1.24 
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Missouri regulations currently prohibit injection that exceeds groundwater protection criteria. 
Site-specific criteria may be used only for a contaminated aquifer, and for permitted projects, all 
of the injectant must be removed from the aquifer (EPA, 1996). 	• 

2.0 FENTON'S REAGENT (11,0 1  and Fe=') 
. 	 . . 	 • . 	. 	• ' 	, • 	- - 	• • • 	• 	- • 	•- •• 	 .... 

: •r•-• 	 H:R11. Fenton developed-a process•that oxidized-malic.acidasing.hydrogen • - 
peroxide and iron salts. This chemistry has been and is still widely used in the Wastewater • 

• . ':industry for 	wastes:-: -For this•method; hydrogen peroxide is the active ingredient 
•••:-.-in oxidation of organic compounds. The hydroxyl radical is the reactive species in the process 

(Jerome et al., 1997). 

Hydrogen peroxide is a powerful oxidant that has been used to treat wastewater for over 50 years 
(DOE, 1999c). Its oxidation potential is one of the highest among all oxidizers, as shown in 
Table 2- 1. 

• - Table7 : 1:.,3xidizirgpotential  and relative  oxidizing power of selected oxidants. 
w . 

. 	.• 
Oxidant 	 (volts) 	. Power (02 =1.0) 	 ..**- • • 

3.03 ••-• • • ,•Fluorine.(F).i 
Hydroxyl radical (OH• from 
Fenton's Reagent) 2.80 2.06 

Ozone (Os) 

• . 

_ 	• 	
. 

• • 	- 	• 

2.07 1.52 
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H202  + C2C1,H -+ 2C0. • - 3W + 3CL—  71- 21-1,0 

	

hydrogen 	TCE 	carbon 	hydrogen chloride 	water 

	

peroxide 	 dioxide 

The.reaction products that are released into the subsurface are generally considered safe fOr the 
environment (ITRC, 2000), Fenton's;Reagent oxidation is most effective under acidic conditions  

pH-2-W4)'.and beComes•leSi .etTectiVe to'ineffeetiveinidermaderate 	 — 
• conditions and/or where free radical. scavengers are present.. The reaction is strongly exothermic • 

. • -.and can create substantial' gas, vapnr.;and heat (Siegrisc 1998): 'This - hat-beerfa healthfand -Sifotji "77.7.-7— * 

...problem at some sites where the reaction heat volatilized organic compounds in .-the groundwater ••• - • 
and vadose zone, and the VOCs migrated to the ground surface. 

An important consideration in the deiign and appliCation of Fenton's Reagent or groundwater 
remediation is the presence of carbonate soil minerals or hard water conditions in the aquifer. 
Carbonate minerals react vigorously with acids (zommonly applied with the Fenton catalyst to 
lower-the.pH)7requiring-higherreagent-volumes-and;-in-manycases;precludingapplication in 

	

_ 	 Water(as.bieartionate. ion) also reacts with acid 

	

(Bryant 	 7. 

• ••• 	• • 	•• . 	• 	• 	 . 	. 

Advantages:and-Limitations.',  

Through the application of Fenton's Reagent at various sites, advantages and 	factors 
specific to this chemistry have been noted. To maximize the effectiveness and minimize 
unwanted results from the treatment. these factors should be carefully considered when choosing 
this chemical oxidatiimi method and its 

. . advantages ann•limiations of the-Fenton process.for insitu. treatment of groundwater .are listed in 

	

: 	••••-••• 	• 	• 
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.. 	organic -rich 	iron and/or Manganese)that •  : 

-•••• .,. Inadequate.mixing -Or•Cnntici -time berweenlbe ---'- , 
..... • 	• 	, 

	and ox idiz in g  • 	 .. 	.. 
, . ; contaminant and 	agent. 	, 	. 	. 	. • 	_ , 

'3f4Vefy—ksriedelithi nine:-  TIVil leadilOiliniiitint - - 
. 7  cancentratiorirediictions at saurce areas over a shun 
"period and reduced cost over the life of the project.  

*-37Viry last reaction times Can limit the application ' s 
area of influence. 	. 
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4. Low regulatory resistance (degrades rapidly in 
water with little byproducts of oxidation). 

4. Creates an extremely exothermic reaction, which can 
boil water out of the aquifer or, as in one case, ignite 
generated off-gas resulting in a subsurface explosion_ 
Off-gas and volatilization of contaminants can be an 
inhalation concern for personnel at the ground surface 

5. More field experience in its use on.pilot and full 
• scales than any other oxidant. 	, 	......-.-. - 	... 	' 	• : :-- 	: 

• - 	. 	• 	'- 	-. 	--, 	-- 	. 	- 	. 	• 

- 
. 

— 

5. Soil/rock containing carbonate (as in limestone), 	. 	. 
.---•'- bicarbonate and/or organic Matter create 'cOmicting -  ..    
• reactionsthat hinder effectiveness. 	''• • 	. 	-. 	 „.. ...v. 

• 6. Increases dissolvedd - oxygen (DO) levels in 	• 
- -groundwater throughout the treatinent .  area. which 

aids in bioremediation or aerobic microbial 
consumption of contaminants. 

' 	- 
6. Oxidizer is unstable and extreme caution in _ . 	. .. ..........___ 	__... 	.._. 

: - - handling is-required 	. 	. 	. 	:. 	... __ : • - - 
__ . 
	•_ 

	
. 

. 	....._ 	.. 	_ 	. 	. 	. 	. 	.. 

7. The chemistry of the process is well-known and 
understood and has widely been used in wastewater 
applications. 

7. Redox-sensitive contaminants may be mobilized 
under oxidizing conditions 

8. Since Hp:  degrades rapidly in the environment. 
excess oxidant in the subsurface does not represent 
an envir_onmental impact. 	 

8. Reagent can be scavenged by natural organic matter 
(NOM) in an aquifer, requiring very large 
application volumes. 	- . 	. 
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from 119.5 to 0.65 mg/L and TCE from 21.3 to 0.07 mg/L. Rebounding did occur one year after 
treatment but can be attributed to small DNAPL product globules not treated (DOE; 1999b). 

Examples of other facilities where Fenton's Reagent has been used E.:1r in situ treatment of 
chlorinated solvents in groundwater. either at pilot or full scale, are provided in Table 2-3. 

2.,3:-Applicatiorik4-Febion*.s Reageni.for_reirediation.Ofchlorinated ,solvents:in4roundwatei.,..:—..:1....:a_r• 
• ( . • EStCP, 1999 and Yin and Allen. 1999). • 	 - 

• - SiteIoe' aiioni 	• 
. Responsible Party 

:ff:Projeti -  . 
Scale and 

Semis 	' 

letiedial ObjeCtivei -... . 
. . 	_ 

. . -.• . Aliiliti to Meet Objectives/ Follow-it-V. :... 
.. 	. 	Actions 

• 
Kings Bay NSB,. 
Camden County, 
NH/DOD • 

Full scale. 
Project is 
complete. 

Aggressive source 
reduction with chemical 
oxidation to reduce total 
VOCs (primarily TCE) to 
100 ppb in source area, 

• 

Able to reduce total VOCs in the primary 
treatment zone below'100 opb. Success of 
the project may be linked to sandy soil with 
high K (30 ft/day). State rescinded the 
consent order and allowed shutdown of 
pump and treat system. Natural attenuaticm 
to polish residuals outside the source area 

Pen sacola.N-XS. 

	

. Pensacola. FL/ 	• 	.• ... 
r-D.01) 't:.,1,  ':.•:. :.--..'. : 14.. " 

. 
• - 	'. . 	. 	. 	. 	.. 	_ 	_ .... 	._ 	_ 	.. 	... 	. 	._ 

: 	.. 	 . 	.. 

Fill) seile -- iisigFu tiFinity rediTa--.  -  .. 	-. 	_ 

	

Project is 	. 	VOC (particularly ICE) - 
' Complete. '...-:;'.' rcontartination .  iii•die -.:.■••:•.+,-. 

aquifer. 	. 	•- 
.. • • 	• 	• 	- 	'• 	- 	-•-• 	 • 	- 	 --:- 

--• 	- 	. 	' • 	• 	•: " 

Groundwater resins Id afterPlass—e 2 iii-dica 	• • • • that in situ oxidation was successful in 	*. • : • • 
i. retriediating'chlorinateduorganics•inrnct,-,,.5:,-..,  . 
treatment zone. However, the site 
experienced rebound after Phase 1 and 	• 

• expetts it again after•phase : 2,- State allowed" -' 
pump and treat to be-permanently- 	. 
discontinued. Monitored natural attenuation 
will be final alternative. 

Letterkenny Army 
Depot. Franklin 
County, PA/DOD 

• .. 	_ 	- 	. -. 	—. 
- -----..... ---. 

Pilot scale. 	FT;aluate pilot ...st results 
Project is 	to determine whether in 

. complete. 	situ oxidation alone or 
. .... - 	. 	. .... with otheriechnologies .. . 

--- -. can.bcused for-full-scale- • 
. ' 	.• 	. 	......... remediation. 	. 	.... 	. 

Not Available. This site has a fractured 
bedrock aquifer that has undergone activ.: 
remediation for TCE and other chlorinated 

.solvents. using in situ Fenton oxidation. 	.. .._ 
•Results for.bedrock-action.not.available_ __ 

. 	. 

. 	 - - 	. • 	 • 	 Srat=" 	 -* = • 
• _ 	 . : 4:4 	. • , 	 • . 

	

et; 	SS1I■ M .RerirreartAtC4KNin.0'4);:ba.5.`t't.S1):,AVOgl..YTsgain.  %N.astewlater7 applicaiipris.and-to:4reat 
. 

• ' 	 : ...pollutants in drinking water for over 50 ycars (DOE,'I 999d): In .  recent .  years. it has been used to 
. ..2." -:rerriediate sites 'ith soils. and groundwater contaminated with organics using various techniques 

. 	•• 	- • 
•-z•SI 
;-747,4•:, 
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for delivery of both aqueous and solid permanganate. Delivery processes that have been 
demonstrated include deep soil mixing, hydraulic fracturing, multi-point vertical lancing, 
horizontal well recirculation, and vertical well recirculation. These methods are discussed later 
in Section 5. 

- •KMn04. technology is becoming popular in the:reinechatiOn 	 haVe •  •• 	• • and; Kansas  
• _. 

	

	-Adopted it as apieferredtechhOlOgy for dry-.  -Cleaningsolvent.(PCE) reinediation programs 	• 	;7-1' 
'1Amarante,.2000). KMriO., is 'a -dry crystalline mgcrial. that turns bright purple. when-dissolved in: 

7  - water-  The purple toltif jai 	indicator for Unreacted chemical. Reacted_KMnO, is 
.  black orbrown,indicating the presence of manganese dioxide (MnO,), a reaction by-product, 

which is also naturally present in soil. 

3.1 	Technology Description 

If applied at sufficient loadings, ICIvinO, is an extremely effective oxidantior_chlorinated— ,--- 
• . 	solvents•such-as-PCE;TCE-afilliiiii91-eliiiio 	and can be -used over abroad pH range. SOIL with. • 	- • • • . 	.   
• . _ high carbonate or bicarbonate•ontent (AsAr.WSSIt.A.P-).basno,nega0e;irnpaCe'biilik" 717*":-.4"'• 

20boi. • Oxidation using ICMn0„ - 'inVolvei cleavage of carbon-Carbon • 	• • • .. 
• • _ . bonds through direct electron tianifer or (less frequently) by free-radical. oxidation mechanisms 	• 

-.-:•7-HThe.stoichiornetrie'reacticiii• fOr.lhe Complete destruction of ICE is as followS(Siegrist, 199S): 

	

+ C,H Cl, -4 2 CO, + 2MnO, + 2K' + H' 	.7.• C '— 

potassium 	TCE 	carbon 	manganese potassium hydrogen 	chloride 
pm-itanganate 	 dioxide 	dioxide 

_ 
—7 -. 	l'he-reictiorileiefit4iruipcuous. -products.(carbon- d iox ide and-man gait-ie 7.  

. . • - .which.alloWs for introduction of large volities -  f 
44.edction:Avithlavin0;;'ifialcititriveeldtiyelN iziift-io...appl ty, 	 Oiheifsex d an te 	4--.140i)..4.:7-7:,?..~7 ,.n".,..,"_ 	• 

n 	 ..„. 	• 	..... • • • 	• • 	. 	 ••• 
roxicIerdiertibes -malc g 

• ' 	 .1 ".:•.. • .• 	- 	• 	 , 	v.- • • • • • 	 =••••-or,A•.•••••••-.4,r,..11;••:-., 	 -• ■ • 	,
-rte„,•■•••:.,=?,44•••-€.4-74; 	 - • • • 	•-• • 	 7-:• 	• 	 • 	• 	%. • 	 • • - 	•- • : 

	

	tole Cia—fiefrriall.Y'::;'••..at'a. :t I 	 ' .to TCE 	 fecilcir'.che .chem • c a I- reac on 	. ever-
'Tbriedies: indicate that thereaelion 	'zed- ati-a...51:1. ratio -of idarit• to. -;.ECE 

	

mn..  	 n 
::ra'661;.• 	 rnass-,tra.';$. f • 'ot&h-6,12qu'

▪ 

eous pnase.t 
_ 	 • 

• 6q91'''."''-.;=-.;'2.. , :•2

• 

:1:11:-.74.1rNdfi'a Oil re's -a 04'1;16i t 	io ci s 	. • ' 	' 	...• ...• - ' • • 	

▪ 	

• 	••• ••• 	• •-•, ••. 	 . • 	 . 	. 	. 	. T: 	 Z,: • .7 . • 	 • 

	

. • 	• 	 • 	• 	 • 	• '"?.. 	 td 

'914-ie•-• ‘•••• "*.• 	?PI Ide.: . and-full,seile -testing has allowed. deterinir4ipiof.:the-rpidliiiidvantages:.and--limitations - :”. 	• •  •• 
n 	or in situ 'treatment.° -or:ganic,,contarrpnantsl'intkrotin-dWacdfil,i;:Patile 1̀32'  V:detailS'ihis:.-- • 	- - 	• • ••••••     

• inforrriation• •••••- • • 	- 	-  • • ••• • .  • • 

. 
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Table 3-1. Advantages and limitations of permanganate as applied to the remediation of volatile organic 

Advantages . 	•.• 	. 	._ - 	. • . 	•• 	•. 	- . 	Limitations. 	• 	. 	. ..-.% 
1. Extremely effective oxidizer of chlorinated 	• 	. 	• 

hydrocarbons without production of toxic daughter_ •  • 
products. 	• - 	- 	• 	- 	• 	• 	. 	- 	• 	- 	. 	' 

. 	. 	. 	._ 	. 	_... 	.. 	• 	... 	...... 	••• 	- 	 - 	- 

I . Potential' reduction of aquifer permeability in the • 
, . Arcaof treatment from precipitation ofsolid•MnO2 .  • 
• as a reaction by:ProduCt Also, potential increase 	' 

• in dissolved Mn may be regulatoryconcent 
2. Can be used over a wide pH range. 2. Low solubility in water. 
3. Effective in an aquifer with a high carbonate or 

bicarbonate content 
3. Redox-sensitive metals/contaminants may 

potentiaUy be mobilized under oxidizing 
conditions. 

4. Generally no exothermic reaction with KMnO, so 
handling the product is relatively safe compared with 

4. Less effective if natural oxidant demand is high 
and/or if abundant natural organic material 

— other -oxidants7-----"---- 	--------- --(NOM) is present 
'5. No of'f-gassing and•volatilization of contaminants. 	. 

:r7--:::•--- !'":".: `-  - 	' ' 	 •' 	' ''il: : :•'-:•= t'F'.. 17`!.:' ';'7, '' 	.'''.fr:•1 	• ,''' • 
• 5 Unreacted-KMnOi 's purple colorin groundwater. 
•="ri4 iiii'lltii;:iiiiilitaiii:eiiiiiiiee: t'•  	"--'•-''''' 

6. Rapid reaction times and high ileStruCtion efficienCies 
leading to reduced remediatioq;:osts- 	. 	.. _. 

6. Large amounts of reagent are required for the 
..reinediation.of DNAPLs.. ; •.... 	, 	•,, .. 	...... ,........,. 

• 7:.Utireacted KMnO, is relatively itable•in groundwater 
which allows: 
• A larger area of influence around the injection 

point. 
• Diffir..i in of the oxidant into media with low 

permeaoility over time further enhancing delivery 
--- to-hardzto.treat -contaminated' zones ---:—: 7 '—' — 

_ -..:_.,..:.• 	,., . 	 .......,.. 	.: .:-.-. 	.•....  	 ..;...,:: 
• .,:',;.-:.;'' 	.. • 	...--;.- -. ,..,7.:• „: .....; 	i7;.,....„„ . .:, 	....;,',.... 	 ;;. 	-":' 7 ;..":..••: 	:,:  

7 Hazardous intermediate compounds niay be - ' 	- 
formed due to incomplete oxidation caused by: 	- 
• Insufficient quantity of either oxidant or 

catalyst. 
• The presence of interfering compounds 

- .....(natural organic-rich media; iron and/or 	_. 
...________ 

— 	 manganese) that Caiiiiiiiii the reagent. . 
` :• ■ • ., na equatenixing„ot contacttinie,between.•:::•:; 

-... -, • • •• --311 e 'OntArPin*•?ric:14idiiingTaieat ... t.-,- 	i-0:41. 
..f.Cliattiiii'itliiiali■eif oicYgekiii'ilie-WubtiiitlaCe: •Wliieti'• :"-- • • •• "•:. •••-• -•'..."-.-- ?-•:..:::7;.,;. - 7':47-;;;,..-  •--g.--Tr '.:•.-- i„.,2..s--c72=,..-. 1',.:: 4 ,,,..,..•-•,„ --:......e.:. ---,-• - 	-...--,,,, 	.4,1,,-. .,.-- .-..;-.• •*-:.,.• '•:- :-.•%-• - 	- '''' '''' 	"-:::.-.."-;" :-:.....,:;..'-'-'..-:.?..1....7.1,7C-:'-'-:• -•- .-;-AFpr-ti'.'fAfr.: •::- • enhanees;bioremediation oraerobicTriiieicibial•I': 	:: 	 :•••-''7.'1•':. .'- 	r-_:•..".••• .e.... 	 --• 'k. 	 ..........:. 

	

0114ipi:0664:0f4Coii*ipints ..- 3-4:..,;:,:wv.r.t.;:;7 0,.1 	 ---.".4g. .-iz....e.4Fer:FiTic  
...• -; lr... ,  •  

$'..J$1...Ak41)a.gc/Ic4;Tli3(c4,"fikcA0ai4(C Ziii.ErPi le0...rf. iit:4::  
A, ',...,.,•4*.f. 
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...." 	It; 	• 	.'r 	• ' 	•: 	';',. .' 	,..... ,...7.. • 

	

''''''5,•,:::. "•;;, *; ''''..• ';".f.::•;: .:....• ":'=" 	1 ;,2,-,... - 	..."/,'• 

	

' 	--:1 	-,r-,- . ''''' ..--.41,-I=2":41t't::'-'-.•:--,, -a-1,.;;47;-41•24 
•,..;) 0:.; y) s is  b I el ii? um I 0' tolu 0 Oh ., allci ‘i.tr 4 ck in g :0 f. .t!IG:i..,  ...‘.: 
C....., 

	

injectioni : iiill u en C.e . Ors ih ei tie g iie i) f irea invent'  in': 	 ''-'-''' 
• . 	. 	. . 	 ,..„.. ,.. , -, ,.......,. .r•r. -.'s •••••:1'. .4; • .4. .. .,,,...:1, ,k a? ,..),-...* ....: • 	 : 

. ..- . ,•• • • . " ....• • • • • ••• . 	• • s.. • 4 7 ,   ;  .." . 	 . ' • .  ..  1....111  ...: i. 	'...C.:' 	 .'i  . ...'....t  .k,::',..,-.Fr is .;,»:'-',:..4--..zitt.;:  14...*,  ...., I.i....:e -::1:-.. - wit!.:_ 	 4,..,--4...,,,,--wrgreez1-2;41/4' ..v.i....,-%' • i. 	7---"---"i..-14:---4,-?.t:e...-;'"'''''"'.------i.--.71-A....7-`.-... • • - ''''7..r.-:•••••. ......... • yr:" • •• :••:,,i,V...-4..4re".. 544.:6.- ' . -t--;1:=k,  -ix - ..., • i 	 .. , ... 	 -.. 	.4, 	. • ..• 	•  	• • • 	
•  

"    
..., f,.:,:.„ ...,,,, .........,,i.,,,,,,..„.....a...:.....,, .u,?.;,•, :.,,,..,•:•?*.-,... - • .,.... -,.....,,r,'±i,..•:•.-. t ‘..".;.5,••••••• . .'•N.* :,. ..-,•• /*••••.:r. ,:- : --... " "=::. 1• ..f......11.7. fr.. 	..!ra i, .•• 	 ;.1,37.**•7,7,-',--=, .,--.",Lys 

	 11 -7z7..• 	••• - - a...• - • 	'  • 	. 	- • • ' - 	• • 

. ' '''''''''':4`‘"/` 4'''-41 	'.3.'X ..k. ,.S 	,A'•  terAlifilitationit:VCPtlit:',,r"?'-`;',.:::-..--,4:aR•--77:-...:':.1:;:sf4t,:a:',,--.-i',1.,%•:,_•1`..:••_-*4.,---.5f.7,..`..::—..-ie-ri "c7.--i-'-',-:,,,•741„,.,':,--7.. 
• - , 	---:.• ...,4,-,.... , ;;v•--4-. -7,-;....::,.:•-•.,:-_-..z.....,..;?:-.:7-.: ,;-.: . .'atZ-7- : --...-.;;:r.,--..., -...:., :,-..-,-...s.-.--.-i:-.;.:.t.x,-_,--..-.7.?.:?f,i'f.f.F...,.::.1..4::-:!...--_:,.,..•..:g:-.:---.......,.:,:',:-.:Z• •'-- -"'•,":':. ■-'..::',1".,:t-:-.1,„ ...- 

•.: .•=7.4, 	... '4,-74. .:,•-•-•÷4,---:•=e,..,-,,,, 	0------,#,..t-, :!•er.e.i.•:'-.,‘7.,,,,,-"•• . .'-:':-.-, :-.. ,-,,l'"''''"" ,",:!?-.11',!..: .- .-., • 
• • -,.,•:&•4:::'!:.,. ,1‘, -47 	- -:-..-, "..--:"7:7;7•7.31.7.-."5-4.7. ....).i, - -.,-...,..••• - 	,,. 	 , I.-- ., :--_ -•;.:, -- .._•••• •:•:.•F i-•- • •,-- .-- ) F. :-. . • 	 ....,- .. •,,. 

in0;'hai been pplied forlri.,s- itu 'Arc-atm' e'nt ..o...fge:piihilw at err  4t'la,:fftirtlieril4c,§.if.15:(4..s,..e0.... ...1:"4,,.1!7.1 ..,:,:r,:?:.........  1-',. 'a • .• .• 	 a: • . ',...4,:. • -• . 

•-,W.. e.*'rii- '61-iieic-feicsi'Ve'r.. t"e-Slilleg".'81:1dsil..:no. ,,-:•fOi:rerri... eil..  ialtion'of :VOCiingroundwaterhas . . 	14....., . ,.......,.,.. . - 	.   

he.00E':s.- Diffusion outh.daSenitli:biefusien Plant in-Piketon;s0hio. ,- Treatabilitv demonstration • 
:.•";f::-:*".41'5''5A.-51''f:t6inidiet.."Of iliiitti'eFiiiii -cilroilda•  'ifs:ill ifirniighl&iiiiiiiiiin iiSCICI;It) weie--p-aff•:)imed at two '' -_* ... - 

- location-1 at the facility using'two variations of the process, one with horizontal wells and one .. —_-,::.:.„,. .-,. 
•with vertical v.clls.. Both of the applications were used to 'treat TCE in the Gallia aquifer, a ..- ' . : :"•--- - ' . 	. 

shallow silty gravel unit underlying the site that extends to a depth of about 30 ft (DOE, 1999d). 
• • 

• • 	. 	• 
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X-701B Facility: In the spring of 1997, injection and recirculation of K.Mn0 4  was demonstrated 
using a pair of a horizontal wells with 200 ft screened sections located within the Gallia aquifer, 
which is approximately 5 ft thick at this location. The horizontal wells were placed in the center  i • of a 500,ft-wide groundwater 	emanating from a.known TCE-source•(po;19994). Solid 

: 	F -...*".-ICIvinO(Was mixed "withgrOUndwater extracted from the 	well and re-injected into the- ........_ . 
.downgradient 	approximately.90 	-  

A iolutiOn'of approximately 2 to 4 percent KiNthi0, was recirculated through the system for about 
a month. Additional injection of ICMnO, was performed through a vertical well, located in the 
center of the treatment area, for another 8 days to enhance the delivery of the oxidant throughout 
the area between the horizontal wells. Results from the project showed a significant reduction in 
TCE, both in soil and groundwater samples. The estimated average TCE groundwater 

• : concentration in the test area was 17_6,Ing/Lbefore_treattnent,-1-10.mg/Lat-completion-of 	- 
.• -.treatment;  and 41 mg/L 2-weeks after:treatment. Of the 17 monitoring wells in the treatment •• 	•••• 	• 

• • ..?:,,,,,, :•••;•••,,,..-::::.:-$"..tone.. ,13-:shiiiiied:a7rediictiOnifibi'd.a.higli:Of 820'itigic 	 et 'al:,...2000). 	: . 

__Continued monitoring:indicated-that theaveraue TCEconeentration for the area tebounddd 	• .. . . 	. 	•  
mg/L at 8 weeks following treatment. and 103 mg/L at 12 weeks (DOE, 1999d). These are 
average concentrations and are;  skewed high in that the treatment solution did not reach all of the 
monitoring wells due to heterogeneities (low permeability areas) in the aquifer. A significant 
finding was that for every monitoring well that showed measurable KMn0,, TCE concentrations . • . 	•• • • • - - -dropped to either non-detectable or 	ppb levels (DOE:1999d). 	 • 	 • 

...7.z.-,:-.... -... • - ....A "total Of 206,000 sgaltont'of •treatmerit SOluticin(12.700 kg Oft ryitan i ne..K.Mn0 4 ) Was . :•:. ...... • : ;..-:. .:. •• -, - ..... 	. 	. 	. 	 . 
. 	. . 	. - 	.._ ---. :.• • ., • 	.;. 	• 	-- - : 	• • .•-•-•- .• 	 •-''' *••• • -6•-le:-.Pf--.- ..:-7..-n ---  .. .„....1......:,:zt:4,:.1,.;_-;77deliVered'Io,thertreatment:reildri!:,:-Treatitile rit..wil-Ai -scO'fiiinabifiti:.'art:b .ct.  atiSEcica...tu.,...u..9- - - • 

IC01101dat PaAi0:6::(N1:06?,:....g007.4g:j.6ii..aft56-n filier:Witiiin3fid.-iectrCillatiOh.Sygterri..,...-:,::?..:,,..,?...: ,-.- :•-•.::.,„:"...,,,, 
.; -.-i.;; ;,,:z,....j,-•, ' . !...'.;e44.,:.-:.;•.!'[.-e4..:... t. -"•-.••?•.-%-2.-,. ,•::,,...,:•••;.;;.:` ,  -..:.•,,,....:7--!:.;:.'..2;;:•,,-0.-:4,,::ii, -k.'n-4-V-4'.- .12"-1.Z.:-f•- •:.i.eiii.s.:,..4*- •-•:-•.W----4-7,;:::.i.,....•,;.y.7.:.47.14‘th:1-.1:1.....:"V..I..1)..--.15*-!...r:;...v:••:....,../Z1,...."-: -- U. *:!::‘>:: 7,..=e  -1- .i;:::::-  •-•_, cirs....'•!:::.:.! .':: . • - , --Ce4r,,Ar...,:::4; '-e id3.4 

	

/I lehiVeStigef44:i;:i ir:ie/57;:e•11 tO;; ;ii. -.Y? ,:-1.(1:::27:if-i,=4X+F",:::7-,  27 qf::74-. !"4"•'51"-4,'7: ‘,. 	" ...-5" 	• ' 	'• 
1:. '. 't41T1'  g.was:agaiii:peffoitr':ie-crgPbrisndmh-lri,1998 -using...anartay..of.yettical wells. ,vVi.. 

pi.t1.Y.9item-plic,.&- lit.;:agtted!:1-.:'N'.liei:e -ilie,iiiiCEtion; ■■;.e'll;iS:ticteated.iii:ttie tenter:*toutided.-•,, 
. • .:..;.-....: 	SY.faur extractiontractiOnzWtis',.On -.:{. i, ;1). -radi u 's .. .' A gii n :: the taiket.zOnd....fot.treatment;Tvas*the.,Gallia:::t.-.4:. 	...;•;•,•?:4. :.Y.' 

. ..:;:aquifer:7-Which..ringed-froni:3.,:to•.$ key? thicic,ip.qtts..ate4..,;Eite.7tr:Oiment conceniratiOnsloGIC- 4-in- -ieffi.;•:-.=.7ii:::•-•:71:::., •=u•-,-.. 
.-.11::::.:g.;;OUri-dwater ranged  fri.1 .3.-33 	Jc.ctIcpriTasppli.cinlate!Y.1t.1:2,yX..4;p1r;is ;- 

. 7ItI:l...'t!.1.i.;.'ri.;**..;1".11.4.1iiiiltii=e17tTi Te 7̀iroTtini7sArTiTii(Cfid'Eiv Cr" i kiiiid :64:0 aayi . i:iihi i6iijuin.piiiiiingaziate: 17..•• „, ...'.:772.•  : .1. . : .,: .• 
;-- ..-. ..-;,, ..... ..74,:z,vrz,:-', .:.;',„s'.._"._r; 3.:.4.,::t..3.t.(NaMti().: y oliitiii:::ica -sir. ; qg' in" ro f..25,0 4rmt:...(51grist;et.al:va0.0).,:;:ii.'.4%..1.,ii;s1,,,,,,-„,..,,,,,.1,...„ . ,„, ,, .. ..., ,....- -  . 	tif:-Frtti-r,....ii4;4 0 ts:.,.. • .-k:4-,,or `--: - . -. 	-,...N  	 . ..... 

	

Onecnti*i.Oni,..;.:::erd-rechiCed 7to;.be IOWA h e.,5.:IligiLi'lriakirtiiiit'cOtiCaniinantlini .(MCL)5a. 	 • 
• 7 reduction of up to 97 percent: Oxidant was gradually depleted in 30 days, with no microbe 	. 

• ••••,- --• 	• • toxicity measttred ttnd:ndp-errridabilty 	in the .fOrnidtiOn•. 	y • - 	 , 
• . 	• 

• - --• — 
in groundwater are provided in Table , 3-3.. 	- ••• 
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Table 3-3 Applications of potasiium permanganate oxidation'  or remediation of chlorinated solvents in 
groundwater (ESTOP, 1999, and Amarante, 2000) • 	 . . 	. 	. 
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4.1 	Technology Description 

• Ozone is an allotrope of oxygen that contains three oxygen molecules (0,), rather than the more 
• common oxygen gas which consists of two oxygen molecules (0,). Ozone is unstable in nature, 

• • and because of this, serves as an aggressive oxidizing agent (ITRC, 2000). Ozone can oxidize 	• 
:.,contaminants directly or through the formation of hydroxyl radicals (OH•). Contaminants . 	: • • "-• 

"'.. 	 by ozone inehide aromatics , pAxs, pesticides aliphatic hydrocarbons: (chlorinated • 	- -• • 
• Solvents), and ordnance compounds (e.g.,explosives)(KIRC. 2000)... The oxidation adrE..by... 

=oione •is represented by die:f011OW-  ing equation•(Siegrist et ar..; 2000): • 	4 	' • • 

0, + H2O + C2HC1, 	2CO2  + 3HC1 
Ozone water 	TCE 	carbon 	hydrochloric 

dioxide 	acid . 

The reaction by-products are harmless in the subsurface; the FIEL is buffered by carbonates in 
• the soil or water _Ozone_reacts,very-quickly-in-thesubsurface-and-does-normigrate long 

*distances from the point of ddlivery (Yin and Allen, 1999) 	 _ 
-:.1':frik.:.** .••tr•s ,v •.:ofi • 	• 	 '• 

kl 	. Ozone is usually delivered tothe subsurface through an air sparging system using closely spaced • 
sparge points... Due:  to..ozones high reactivity; instability; andeorrosiVity,: it iS•gentrateidOirtite' 
using electrical generators. In the subsun'ace. direct oxidation from the ozone occurs, as does - 
oxieation from the hydroxyl radicals which rapidly attack organic contaminants (typically less 
thwi 10 seconds) and break down their carbon-carbon bonds (ITRC, 2000). For application of 
Ozone gas in situ, there is at least one patented process of delivery, but engineered solutionsusing 

• • -ozone are generallynot proprietary. 	situ applicatiOnsof Ozone is teiier_a* 	delivered 
 ..internimently-along with compressed air into contaminated groundwater using conventional 

zrld horizontal. sparging •wells: .Alteration, ofpEt•or,Theadditiori 	.a. 	is  • • . 
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• transferred into the aqueous phase more rapidly. 	• 
• -High solubility is beneficial for achieving oxygen _ 	..  . 	. 

•Satulation in a contaminated aquifer (to enhance 
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Advantages Limitations 
microbial biodegradation id organics). . 

3. ls•effective in remediating a wide variety  of organic 
compounds. including  those typically  resistant to 
oxidation using  conventional technolo gies 

3. Susceptible to interference from free radical 
scavengers such as acids. 

4. Effective in remediation of ordnance compounds 	• 
(e.g. explosives). 	. 	. 	 - • 	 : 

4. Potential for reaction-generation of heat and gas in 
the subsurface.  	...:. 	-..,. 	. 	. 	... 

• . 	 • 	• 	--- 	• 	• 	- 	- 	' • • 	• 	--• 	• 

. 	. 	. 	., 	... 	. 	. 

•-5. Redox-sensitive  nietals/contamatuits man.- --.- -.. ;-: 
potentially* mobilized under oxidizing  • 	.: :. - - ' 

- 4.3 	Site Applications 	- - - -------- 

In situ ozone injection was used to remediate chlorinated hydrocarbons at Nellis Air Force Base • 
near Las Vegas, Nevada. Groundwater was treated during a pilot test conducted to determine the 
feasibility of using in situ ozone sparging to reduce TCE contamination in a 900 ft by 1,200 ft 
area along the flight line (ITRC, 20001. The system consisted of three sparge wells with 	• 	. 

• • s. -locations basal onTieTrilv7i5T"Fraililile site information and previous experience. Each sparge 
well •consisted ,of a double-st reeved; well with - ro net

......... _    
..sturge,pOint..i both. within.thewelltindn.411.?..:• 

the bottom Of the boring. A t-Spargeim system was used to introduce fine bubbles of • ' 
• 7 . 

	

•• ' -aionated air below and into the plume of ICE-impacted groundwater. A subniersible pump-iF, 	 • - 
pirt of the Well'to displace thi vertically moving bubbles 	• 

sideways, thereby increasing lateral dispersion and maximizing ICE destruction (ITRC, 2000). 

The pilot system encountered many difficulties due to the low permeability of the soils. In 
addition, there were problems with the - well packers and the .electrical_supply.resulting,in-
blowouts_iinder_system-Prestures-and-dead-heading-ofpumps:-Resuits -from-the pilot test - ,.• . 

1 ICE ieduelior, in -w0i....aiiiiiiiargeii-,-ho■veVer - febdund i n TEE levels was :  
• : • ' • : 	fpliF: out offivexeils,..00:,one out ..of.three 	 , 
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• Lance Permeation: involves using vertical lances to inject Fenton Reagent or 
permanganate solution into the soil. 

• Soil Fracturing: involves creating horizontal fractures in the soil at various depths, 
which are then ;filled with permanganate to act as horizontal treatment zones. 

LT. 	 e oxidant is injected through a grant '  uger head tbi-eact.and 
. . 

. 	. 	. 
• - • 	• • -contaminated SOH. USed with either.peroxide or permanganate: 	-- • 	• . 	• "•'7''•••••..:.. " •  ' • 

. 	 . • 

. 	. • ..• • 

• . 	'Delivery •systeins more typically used to treat groundwater involve direct oxidant injection•or • 
injection with recireillatiati." Variations of theielliethOds that haVe'been used •re: 	• - 

• Injection of oxidant through newly-constructed or existing wells (more commonly 
permanganate due to process-specific pressure monitoring associated withperoxide. 
injection). 

	

-Injection of oxidant.(Fenton.Reagent)_thro.ugh • proprietary...vertically-oriented 	  
,injectors: which involves patented modes of delivery and/or mixing of the-oxidant and 	•  (e 	elk tea .ns. 	riiet Ktia 	.7.....t■:•:...-;.!•2'.±:.:17.-',• 1 -:‘,;•44.ctif  

.    

.1 . 	ISCOR, whichinvolves injection of oxidantlperoxide or permanganate) into the 	, 	. 
''..- ..-- :•••`:::'•:_.•-•-':.-.:•".groundwater- :through a series•of injector wells .and-collection-,(recirculation) of treated 	-;••• 

groundwater in extraction wells. These well arrays can be either vertical or 
horizontal. The process is also known as vertical well flushing or horizontal well 
flushing. 
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.'iiededti OkidiZe .a 7C6nian iiataarea. -rCiitioT aly, SiMn04•can'be used where the potassium:,::: 	
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. 'monitoring aL this-facility: NaIYInO, offers an effective alternative for in situ chemical oxidation "_. ' . ;•.; .: 
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NaMn04  is more expensive on a pound-per-pound basis. However, its increased ease of delivery 
and higher solubility save in labor and equipment costs, and reduce the reniediation time. This 
makes it a cost-effective alternative (Armarante, 2000). • 

Chlorine 	
• 

Dioxide 	•-• 	- 	• 	. • . 	: 	- • -•-• 	 • 
' 	'Chlorine dioxide-(C102)•ha.been.u.Sed at a fonner•eleetioTtiCilmanufacturing sii •einMissouri for ::7".:*'..1" 

• • :TCE source destruction. fri•ddirion to the oxidation, the proCess interacts with soil mineral 	_.' • 
iitipttivingthe .Partitionitig of TCE from7 theso and Moilifirs •gi-OundWateiredox • 	.".• • . • 

conditions (Adams•et al., 2000); The-reduction -in-  redoi-potential•isbenefiria•for bacteria •- 	 - 
mediated reductive dehalogenation of TCE. 

Magnesium Peroxide 
Treatment with variations of Fenton's chemistry such as magnesium peroxide have been 
developed to extend the reaction time of the oxidant in the aquifer. Magnesium peroxide is a 

• solid-that-can- be-inserted in an existing welrotTEciIiitructed• into a p—enneablebarrier (RTN, 2000), 
• ,TheSiilidmagnesiunrpero  xide decomposes 	:ind.,inseilubleMagriesittrri.hyciroxide.r.:::::::::-,-„; • 

Phosphate can added 	 Magnes juin peroxide crystal to slow the decomposition rate and ••••'-- • • 
• • 	provides somewhat of a.'lime release'' mechanism that:•controls..theoxygen: levels in the 

	

•••• 	."•": 	• 	- • • 	••• 	• 	• *. 	• • 	!. " 	" 	•• 	" • " • 
• 

This controlled release eliminates the supersaturation of the groundwater with oxygen, typical of • 
. hydrogen peroxide applications, which can actually reduce oxygen availability in the Ire: trnent 

zone. The phosphate addition to the magnesium peroxide prevents supersaturation 	 . 
•  ...______ 	 il'.s.permeability- around the-injection- points-(WIN;-2000)•:--,------  

 .• - •Regenesis Corporation. has deyeloped . a proprictar.y magnesiudi peroxidefOrMUlatiOn . narrird. . 
COmpoUnc412:  CM): :The EPA evaluated .ORC 

" 	" 	• c on tam 	e Avi 	y • 	roc ons.at -three•sites and thrtechnologyhatlbeen:dernonstrated:16t49 ,-.‘..,e 	•f• -  
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• The general Conahisiondr. aWn-  after researching the. current state ofin • situ chemical oxidation 	- - _ . 
technology is that, like most new technologies, the bugs arc still being worked out. particularly 

_------:with-regard•to-the-remediation of chlorinated solvents in groundwater. Because it is an in sins • 
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technology, many pitfalls exist that are related to the natural hydrogeology, geochemistry, and 
contaminant properties, many of which are beyond anyone's control. These and other factors can 
easily short-circuit a remediation effort, particularly if steps are missed or taken improperly 
during the screening, selection, design, and operation of a chemical oxidation system. The 
following sections discuss the potential application of this technology to the GWOU, including 
the design and safety considerations necessary for a successful implementation of the process. 

• *.7.1 	Application to the GWOU- 	. 	• 	 • 	--* . 	. 	 . 	_ 	• 

Remediation of chlorittated solVents such as TCE within a fractured rock aquifer poses 
- - 'considerable difficulties with 	 -respect to both eharaiterizatin and remediation (Fountain, 1998). 	- 

Locating a solvent source zone in fractured rock is generally more difficult than in porous media. 
An example of this contrast is that in relatively homogeneous porous media, "clean" water in a • 
well sample provides evidence that there is no residual solvent farther upgradient. Conversely, 
"clean" water in one well in a fractured rock unit provides information only on those fractures 
that are both upgradient and in hydraulic contact with,the_w_ell (Fountain, 1998) 

s-d iffi Cul tyf.cbm es iritti.p lay.again• ,4 hen "s.tterriptingro'reiiiedialectilbriiiiiediS6liraltkil -7:77± . 	. 	. 	. 	 . 
• ** * 	* **.groundwatefWith respect to both accessing the entire residual source.  Zone and attaining. 	. 	. . 

fractures are dead-ended,.potentially.prOviding.traps.for•Solvents.that,„*..:::::; 1-:-.':-. ;...: 
cannot be contacted with the treatment solution. In addition, diffUsion of residual solvent 
resident in fractures into the rock matrix potentially produces a zone of high dissolved-phase 
concentration adjacent to the fractures. If the residual solvent is removed from the fractures or 
destroyed through treatmcnt, the.contamination will slowly diffuse back into the fractures and 
groundwater from.the rock matrix (Pankow and Cherry, .1996). • • - --• •- • ,............. 
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be overcome. Subsurface characterization and the development of an accurate geological 
conceptual model that details the strati graphy  and preferred flow  pathways (areas of greater 
transmissivity) are essential to implementin g  effective in situ oxidation treatment (ESTCP, 
1999). It is critical that the h ydrogeology  and geochemistry  of the aquifer be well-understood to: 

1•:.Select the best.methOd ofsehemical oxidation.: • 
-Optimize the .design. Ofthe.treatment :system to..effectively_deliverthe oxidant to 
the contaminant, Within the constraints of the aquifer: 	 ' 	• 

• Estimate the radius of influence and fate of the oxidant in the subsurface_ 
• Determine the potential for mobilization of contaminants. • 
• Determine the number of applications re quired to meet the cleanup goals. 

Specific aquifer conditions and contaminant properties related to oxidant transport in the 
-subsurface-and-projected-chemical-interactions-that-require-measurement-prior-to-design-and---,------------? _ 

..::application of aniirsitu:chemieal oxidatio n  neatment.system. ge.detailed below (DOE, 1999e . 	• _. 
• eAr - 

' •• 	 • 

tiiraridteOtindwiitek'fiHr'tOditerinin4.if the oxidant will;be'effective'in the' 
naturally  occurring  pH conditions or whether adjustment is required. 

• •Soil and grou ndwater E13: to define back ground redox conditions and determine 
potential impacts on speciation and mobil:.•. y  of non-target contaminants (e.g., metals, -• 
uranium). . 	_ 	. 	 . 

— 	—Natural oxidant-demand:-to.estimate-the-demand-incurred-on-an injected oxidant by 
7 711O13-taigtted.'pecic .iti additi-Or to the targeted Contaminant, These:include -total''. • - ''' 

bon(TOr. reduced•Fe•and Mn...Sulfiiles; ::and. organiCiacids:;;These„all...:' 
..feaken..t.'and ultim. 

ot.l and g 	 tempera tu r.e.; 
• enipera. 

Soil 	 • iii!•:eiOundWaten alkalin ity  ancltoruc;treng 
tmracts free radical oxidation b.y scavenging the :free radicals :  produced: and limiting 
the oxidation: efficiency 	High ionic strength (e g ihundant'silts) can reduce reaction 

th of contamraation— a t tects'Anj ection.design;111111tatIOnS01:53xtuanti 
• 

.  
e4n.d. arnount,Of-Oxidant 
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• applied. 
-Subsurfate bettrogentities: i mpacts (reduces )  the ability  for oxidants,to contact and 	. 
'destroy  organic contaminants. Also impacts transport and fate of unrcacted oxidant_ 

• - 
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Design Process 
The design process and experience base for implementation of in situ chemical oxidation projects 
is still evolving. However, it recognized that the selection, design and implementation of in situ 
chemical oxidation must undergo a careful, stepped approach to cover all of the components 
necessary for successful application of this technology. The primary steps taken in the design 

-• - - process are given in order below: (Siegrist, 1998). 	 . 	. 
• : 	7 • 	• •••":7• '''' ' .:"':*••••••': • •••.:".•' • 	• • 	•. • ;•-•.. 	 • .t•  .1. 	-;47 . 	 , 	. 

• T. " Evaluate the .site conditions and contaminants)of concern 	• 	• 
design of oxidant and dlivery'systeni 

• • 	3. - Laboratory bench-scale testing . • 
4. Laboratory pilot-scale testing 
5. -Field full-scale pilot testing • 
6. Detailed design of oxidant dosing, amendments, delivery system, process 

monitoring, and control performance ass essment 

•""•!`"a ----"A 

 

guidance and technology overview document-isturrentlyin-preparation-covering-the-;-----,7,  
of insitu.oxidationSt contaminated sites. This dozument provides guidance. on the 	•••••-.•• 

• evaluation and-design of in situ chemical oxidationoxidation »with a focus on the use 'of po 

	

	turn an .. • • 
• = 	..•sodium.permanganates for.reinediation of contaminated sites (DOE, 1999d). The document will . 

• ..belitle)f:!'Gilidance for InSinitheniital Oxidation at COntaminated Sites:- An Overview• with a --:,;:•• • 
Focus on Permanganate Systems-  prepared for the U.S. Department of Energy. It will be 
available in the late fall of 2000 (Hicks, 2000) and will provide much-needed inf•.rmation and 
guidance regarding the selection, design, and operation of in situ oxidation systems. 
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unsaturated zone above groundwater plume, indicative of a non-source area (Roberts, 2000). 
TCE concentrations in groundWater ranged from 17pg/L up to 4,700 pg/L in wells located in the 
hot spot area. Chemical oxidation was selected for the remediation of the dissolved TCE becaise 
of the localized nature of the contamination, the proximity of the site regulatory threshold, and 
the need to implement an expedited and economical remedial alternative (Roberts, 2000). 

Reagent was delivered to-the aquifer through 14 injectors over a 6-day pe  
of approximately 3,500 gallont of 50 percent hydrogen peroxide and 3,200 gallons of ferrous 

. • 	7:''stilfate•catalyst .  were injected:- The process. was monitored for delivery rate; .peroxide 	• 
— 	concentrations, injection pressures, groundwater elevations, water quality measurements, and off .  • 

gas. Observations of bubbling and frothing within wells and on the ground surface were noted 
and used to help make adjustments in the injection program. 

Results from the monitoring showed a significant drop in TCE concentrations in monitoring 
wells in the days immediately following the oxidant injection. However, the levels rebounded in 
some wells to-50-percent-of-the !baseline-measurement.within.4 weeks Jive months after_ - 	 • •

• tieitment:TCE. concentrationsirimost of the wells had rebounded dramatically, in one well to -- 	- : . 	• -_.... 	• .• •„ 	. 	- 	• 14,ilier•thah had: 	Veen Meisiiked'in the otehod4lita.   , 	.

• 	

ttier 
„.„ • 	

- 

well was.  hree.times.higher. The most recent groundwatO sampling. after 15 months shows.  that 	" 	' . 
.:41TE ..levelshavfurther increased in five monitoring wells nearest the:oenteeof 

• spot," the worst being 20 times'higher that the hist -Orical Pie-injection niiiiniuni- COneeiitration. 	•-• 
Another finding • , :as that the configuration of the plume had changed. and the size had . 
approximately doubled. 
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?:3 	HealthHealth and Safety Considerations 

When applying a chemical oxidation technology to a site, a number of safety considerations must 
be taken into account. Strong oxidants are corrosive and potentially explosive, so they require 

.. very-careful handling by personnel applying the treatment. 'Heat and vapors generated by 
exothermiC reactions in the subsurface can potentially cause.fue or explcsions (both subsurface 
and surface) and inhalation exposures for workers. The design and operation of any in situ 
oxidation system must take into account the hazards of the chemicals and the potential for 

.7-..•3figorous -uncontrolled -reactions in thesubsuiface (ESTCP,19 	.. • - 	. 	_ 	. . • 	. • . • 
• -- • 	- 	•• 

An example of the chemical oxidation application creating a health and safety problem occurred 
at Marine Corps Air Station ,Cherry Point, North Carolina. An in situ oxidation system 
consisting of four injectors released Fenton oxidation solution (hydrogen peroxide, ferrous 
sulfate catalyst, and phosphoric acid) into shallow groundwater at 9 to 13 ft below ground 
surface. On the second day Of the demonstration project, the treatment caused pavement 	 . 

• • ...upheaval,..underground-explosionsand!-firer(ESTCPrt 999 y-thiptotTc-teallEVEIrcif 
in'the upper soil rerecied With:die:peroxide resulting,ineiceeniveheal•and,o(1,gas..;,.„„:.:,,k . -•-:-.47;,*-;;;,,:,..., 

..i3.''1 ••''f-.--f-.7174bliilithilir!"'"-Thi-6112kaitifihiahoiftatil'id;:i-xygen'tiiiii'iiitanics):Creare 'd 'enough pressure to titicile 
.........tiiepwieinenfabove. The o ff-gas also collected existing voids arouncLanabandoned sewer . 	. 	 . 	. 	. 	_    

...-...pipe.where:itignited.from the beat•of the •reaction, - resulting in undeitraiind explosions ilia 'fire.. • 	• 

This chain of events led to the cancellation of the project. The site had not been adequately • 
characterized to safely carry out the application of hydrogen peroxide. Lessons learned from this 
event shows that a number of items were not accounted for during the planning process which _ . 
included (ESTCP,•1•999): 	• • •'• • • 	• 

• 

nezi-surface organic .contamknapon,exist 	thcisite:-Where•this 
-,7a'.top.tdo‘ifyttiatinentipp-ioiCh.itiFiting:thc.shal)O*-sirfate.area:.-flistralleviatei•the:; 

PrOn!PITYPZ. 7.• 

eri.:*as•.ficriienting".-iiiTildfOstern'lvi'ilif:pfiets:ick,e.:011e6t 	-gaisei.and.41-clievt. 
Fr. 	; 	 • •--....;(fc4,wfs:.... 	 • • 	 .• 

ressureland7uvPio;up 	 ':paV mit'•
baiidOnedsPipihg-was:ficit:ideritified2and:accininted:ftir,liViheYdes, 	syst 

. 	. 	- 

• ' •  -- 7  -• ° 	
-- 'm  - 	- no ean• tin.  gen-  cies'  iciwihreractiort .   

4  • 	'is: to stop or s • - 
feiv-plan—elow-go4i10 	 ' 

- - • - — 	" 	 ,•-• .77 • - 	 " • 
def.:foil-Stitt-es 	relatively Siihie oxidants such as sodium 	- 

permanganate can cause serious ,injury,A worker inyolyedim.groundwater-treatment arthe 
• ..Portsmouth Gaseous- Diffusiorielant in Ohio suffered-  third-degree eherniCal•burns- oVer half of • f  . 

• • • • 
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his body when he applied an incompatible compound to a bucket containing a relatively small 
amount of the sodium permanganate resulting in a violent, uncontrolled reaction. 

These two events should sound an alarm to those who are planning in situ chemical oxidation 
treatment projects. When working with reactive chemicals and potentially flammable 
contaminants, planning and design must take into account the potentially hazardous nature of the • . • • . • .... 

.. 
.....chenucal.reactions and.how best-to use engineering controls and.ernergency planning to mitigate 

'these hazards.- 
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