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Many documents and intemet resources were reviewed 10 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
technologxcs for in situ goundwater remcdlauon ,Some of these gmups and thelr respecnve

. m!emc! sites are gnve') below:.. - .. " : .

;oo =emeeULS: Dﬂpartment ofEnergy e 3o m R s s g s e g o g o e e e
A _®  Office of Science and Technology, http //www osu gov/ o B o
. Subsurface Contaminants Focus Area, http://www.envnet. org/scfa/
] Office of Environmental Management (EM): TechCon (*Technology Connecuon") ’
~ Program, http: //www.web.ead.anl.gov.techcon/index.cfm
. Office of Environmental Management (EM): Innovative Treatment Remediation
Demonstration Program, http://www.em.doe.gov/itrd/ -
U.S"Departmént of Déférise: T T
=~Su'ateg1c Envnronmcnta_l Rcse:mch and. Devclo ment Progxmn (SEF.DP),
o - http: Jiwwav .serdp.ore’ -
:..® . . Environmental Secunty chhnology Ccmﬁcanon Progra.m (ESTCP)
http: fIwww. esicp.org
U.S. Environmental Protectior: Agency:
. chhnology Innovation Office (TIO): hitp://www.cpa. gov/swcmol/
. (affiliated) Ground Water Remediation chhnologlcs Center (GWRTAC)
- http://www.gwnac. org/ e -
Federal and State Cooperam-es R e

: solvems n: soil: and ground\kaler atthree sncs —Savannah Rn er-Site; .A»ken SC Portsmouth-—.
Gascous Diffusion Plant, Pikcton. OH: and Kansas City Plant. Kansas City; MO (ESTCP, 1999).
In addition, the Department of Defense (DOD) has unhzed in situ chemical oxidation technology

at a number of sites for the remediation of VOCs including chlonnaled solvents. Most




applications of this technology have been performed on a pnlol scalc but some have pmgmssed
to full-scale operations:

TCE Contammatlon at the GWOU
TCE contammanon.of groundwater at the chemxcal plam area‘is locahzed,’pnmanly in the
v1cm1ty of the raffinate pits wnthm two zones (DOE, 1999a). Recent TCE concentrations rangc
from 0.5 to 870 ‘ng/L, compared to the EPA Maximum Contaminant Limit (MCL) of S pg/L.

The shallow aquifer beneath the chemical plant is made up of {ractured, weathered limestone that - -

is highly heterogeneous because of weathering, solutioning, fracture patterns, and paleochannel
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 velocmcs of up to 2 f/min (DOE, 1999a).

relatively recent occurrence (DOE and D_A. 1997). Potennal source zones are waste drums

“ renioved fiom the southeastern corner of Raffinai¢ Pit 4 and ¢ontaminated soils'and sludge’in —

Raffinate Pits 3 and 4. Although sampling of oil residues from the drums in Pit 4 indicated TCE 4
at levels up to 280,000 pg/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
deplcted (DOE :md DA 1997) The sclcctcd remcdnal allemame (DOE, 1999b) for thc GWOU

- 'arc a number ofchcmlcal ondanls and a vanety ofmuhode for dclncr\' oflhc ondam 10 lhe
. .contaminated media. Oxxdams that’ have, been l\plcally used for. remedxanon ofsonls and
- groundwater are: ’

BT A TR oA R Ly e STAD AT
5 - B




™

d.?. I

e hydrogen peroxide (H,0,), including Fenton’s Reagcm (H.O, + Féz' )
* permanganate (potassium, KMnO.. and sodlum NaMnO,)
" - .® ozone 0, . ' .

Each of these treatments. has been apphed at pllot or full scale ar govemmem or pnvate L
remediation project sites with varying success. Table 1-1 below is extracted from a recent sun'ey

- of 42 sites performed by the. DOD’s Envnronmemal Security Technology Certification Program
-(ESTCP, 1999) where in suu chermcal oxndanon treatments were camed out al private, DOD,

and DOE sites. - T

Table 1-1. Characteristics of 42 sites where in situ chemical oxidation has been applied. :
BSOS BN . Ty DOD Sites DOE Sites Private Sites Total :
Number of Sites . 14 3 25 42 ;
Contaminants cvoc' 6 3 10 t
BTEX/TPH' ™ Sl M 16 21 e
_; Both . : . g i
e y ~Unknown"- 2 'r
. Media Treated . _%oil Only 0 C
e v o e aisim]e oo Groundwater. ol .. 2. <
' - o " Both - | T i00 - _ g R
Unknown 2 :
Oxidant Used | Hydrogen Peroxide (Fenton) 12 1 24 37 s
Potassium Permanganate 1 : ' 1 4 \
Ozone 1 0 0 ]
Vendor i gl e GeaoCleanse TR 8 < L . 4 . ... 1
_-_~ =% e e S .:___., Clc:mO‘ v o Al Ui . ) - - — o =

- ! ui\,almg they were: succcssﬁﬂ
pcronde (Fénton'§ Réagent) Discuisions With Site ¢omtacts

.considcred failures {inciuding one subsurface explosion that terminated in situ treatrnent at'the ~ *~

site). The three DOE sites were consxdcrcd demonstration projects, but-only one is hsted asa e




i

" full-scale demonstration. Of the t

hree DOE sites, two sites w
permanganate and one was treat

ed with Fenton's Reagent

. ' cesses. Ten of the sites have
proceeded'to full-scale applicati i i
_successes (e.g., the state issues.a N,
T 27 little long-term data to i in groundwater concentrations. [t is .
. understood tvhat‘zfaivlu{es.ahre,more:_ ikely. i s S

for groundwater treatment

N0 an aquifer-through -an-injection

generally involves the direct
the Underground Injection Contro} (

"Well" Injection wells are regulated. by
UIC) program under the F g@g@'l;:s,gfg;,gﬁnk-ingﬂWate’r!A t:
The purpose of:-the:UIC prograrmiisy ‘Pri 'i‘éi;‘t_"&:i-ia:éir'g—fédridf_sodi-ces‘of drinking water by T o
~prohibiting injections that may ‘affect water quality. Under the UIC program, injection of any . .37 . e ¢
fluid into a well is prohibi 1s authorized by permit or nije. Injection of chemicals for
*“the puipose of aquifer remediation 4 i i i

-.re -—-Missouri is among
: . Some states,. varjanc
- discharges

Siivie:action.plan must a
- £assogiated:with: the {156 g1 ‘
- conditions. '

thetechnology based on site-s

T S O

pecific h_vdrog_colpug'y ‘an.d
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Missouni 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 (4,0, and Fe”)

I the 1890s HR:H. Fenton developed-a process that oxidized. malic. acxd usmg hydmgen L
peroxide and iron salts. This chemistry has been and is still widely used in the wastewatsr ° T
"-industiy for treating organic 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). ’ o

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

.~ Table Z-1. Jxldxzmg potcnual and rclauve oxidizing powcr of selected oxldants
N i “Oxidation Potentiil | *Relative:Oxicizin;
e 6o e , " Oxidant T (volts) | . Power (Cl2=1.0) |
womaew mte o woaet oL Fluorine(F): oo b 2303 .0 ) . 223
Hydroxy! radical (OH- from ’ T

Fenton's Reagent) - 2'0.6
Ozone (O,) 207 1.52
Hydrogen Peroxide \1.0.) 1.78 1.31
Permanganate (MnO,) 1.68 1.24
Chlorne Dioxide (CIO.) i R : 1.15

) '-'Brommc (-Br) S - 109 — s
. : :54

_ chlonnatcd hydrocarbons such as TCE the reaction’is 10 dceradc fie co pound. as reprcscmed; PR
o ‘:'j __n lhc followmg stonchlometnc rcacuon cquauon (ESTCP 1999)
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H,0, + C,CLH » 2CO, + 3H + 3CL + 2H,0
hydrogen TCE carbon hvdrogen  chloride water
peroxide o 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
~(e.g- pH 2-to:4)-and bécomes-léss effective to‘ineffective under moderate | to’strongly alkaline = <
.. conditions and/or where fre€ radical scavengers are present. The reaction is strongly exothermic
*=._- and can create substantial gas, vapor. and heat (Siegrist;’ 1998). This has'béeri a health'and- safety
L 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 design 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 (commonly applied with the Fenton catalyst to
lower-the- pH)—requmng hlgher rcagem'volumes and:in- many cases; precluding-application'in
llmestope envnronmcms Dnssolvcd carbonale n water (as blcarbonalc lon) also rcacts wnh acnd

Through the application of Fenton's Reagent at various sites, advantages and lir...ing factors
specific to this chemistry have been noted. To maximize the effectiveness and minimize
unwanted resulte fror‘ thc trcatmem thgsc l' ctors should be carefully considered when choosing

3 sigmicant 1 1 Vcrv fast reaction times ¢an limit the apphcauon s’
. "~ concentration reductions at source areas over 3 shon area of influence. o i e o
©T.% .7 " period and reduced Cost over the lifcof the project. . ... - L S

e

——— et o o & oA
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4. Low regulatory resistance (degrades rapidly in 4. Creates an extremely exothermic reactuon. which can
water with little byproducts of oxidation). boil water out of the aquifer or, as in one case, ignite
generated off-gas resulting in a subsurface explosion.
Off-gas and volatlization of contaminants can be an
inhalation concern for personnel at the ground surface
15. More field expenence in ILs use on,pllot and full | 5. Soil/rock containing carbonate (as in limestone),
' *_.. }-"~bicarbonate and/or organi¢ mater create compctmg
i : . reacnons that hinder effectiveness. .
- 6. Increases dissolvcd'oxygen (DO) levels in ‘ 6 Oxidizer is unstable and cxutme caution’ m
2=y’ o= ls ~groundwater througbout the treatrent dréa. which handhng is requurd S e e
' '~ .. I aids in bioremediation or acrobic microbial '
T " consumption of contaminants.

7. The chemisury of the process is well-known and 7. Redox-sensitive contaminants may be mobilized
understood and has widely been used in wastewater under oxidizing conditions
| applications. ) :

3. Since H.O. degrades rapidly in Lhc environment, 8. Reagent can be scavenged by narural organic matter
excess oxidant in the subsurface does not represent (NOM) in an aquifer. requiring very large
an environmental impact. . = application.volumes

a 2__

\32-.-?1;-7»5ite:‘Applfcaiioﬁeé' :

,;m_‘_b_g‘ln situ.treatment of chlorinated solvents in groundwater using Fenton’s.Reagent haé been..
performed at a number of governinent and private sites (see Table 1-1). In 1997, the DOE
performed a pilot-scale demonstration project for groundwater remediation using Fenton
oxidation at th~ % yvannah River Site (SRS) in Aiken, South Carolina. In one area of the site,

over 3.5 million pounds of solvents. pimarily PCE and TCE. were discharged to the soil and
gmundwater between 1958 and 1985 (Bryam and W:lson 1998) The demonstranon was a - -

““Four kigh-pressure injeciors were Used to deliver the solutions 16 the aquifer. Post-injection -
-saimpling showed a destructior: of about 60 pounds of DNAPL which is a-90 percent reduction "~~~
-for the treatment zone (ITRC 2000). Average groundwater concentrations of PCE were reduced ~




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 for in situ treatment of
chlorinated solvents in groundwater. either at pilot or full scale, are provided in Table 2-3.

'('ESTCP 1999 and Yin and Allen, 1999)..

" Ability to Mé&'Objécﬁvi:‘l Follow-up.- . .
. Actons

aquife . -

- | expects it again after Phase. 2. State allowed -

T T SiteLocation/ 7 -Project Rémedial Objectives™ .|~ ;i
. Respoasible Party Scale and .
o - o Stanis | 1 _
Kings Bay NSB.. Full scale. Aggressive source Able 1o reduce total VOCs in the
Camden County, Project is reduction with chemical trcatment zone below 100 ppb. Success of
NH/DOD - complete. oxidation to rzduce total the project may be linked to sandy soil with
V'OCs (primanly TCE) to | high K (30 fvday). State rescinded the
100 ppb in source area. consent order and allowed shutdown of
pump and treat system. Natural atenuation
to polish residuals outside the source area
“Full'scale.” | To signiticantly reduce . | Groundwatér results afier Phase 2 indicate
Project is VOC (pamicularly TCE) - }-that in situ oxidation was successfulin -~
complele:' i i comammauon inthe <3y »+-}: remediating-chlorinated-organics-in the ;-

treatment zone. However, the site

experienced rebound after Phase | and

pump and weat 1o be permanently”

7 discontinued. Monitored narural attenuation
?‘* . will be tinal alternanive.
gy Letterkenny Army Pilot scalc. Evaluate piler wstresults | Not Available. This site has a fracrured
;35' Depot. Franklin Project is to determine whether in bedrock aquifsr that has undergone active
' ig County, PA/DOD | complete. situ oxidation alonc or remediation for TCE and other chlorinated
3% 2 e oY 25000 ... with other technologies .. . |.solvents using in situ Fenton oxidation.
’,,%,: R -|- can.be.used for. tull- sc;\lc_ {.Results for. bedmck acnon not.available. . ___{.
i< I . remediation.

pollutants n dnnkma wa'c'r f'or over )0 years (DOE I999d)~ In recenl vears n has becn used to
“‘remediate sites Wwith soils.and groundwater contaminated with organics using various techniques ~* > -
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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.

-KMnO technology 1s becommg popular in the:remediation mdustry’ :E londa and Kans&s have
adopted it-as a preferred technology for dry-cleamng solvent- (PCE) remediation programs.
(Amarante, 2000). KMnO, is a dry crvstalline matenial. that tumns bright purple- when-dissolved in

<miee- = water: The purplé color acts as  built-in indicator for unreacted chemxcal ‘Reacted KMnO, is .

black or brown, .indicating the pmencc of manganese dioxide (MnO,), a reaction by-nroduct,
which is also naturally present in soil.

3.1 Technology Description

If applied at sufﬁciem loadings. KMnO is an extremely effective oxidant. for_chlodnatod

P A W N R L R T Ha T oy [y g

2KMnO, + C,HCl, - 2CO, + 2MnO, + 2K~ + H" + :CI_
potassium TCE . carbon manganese potassium hydrogen chloride
perinanganate dloude dnoude

. R
o e ), e (s M Sibmngm (45 e




Table 3-1. Advantages and limitations of permanganate as applied to the remediation of volatile organic
compounds in groundwater (Amarante, 2000. ITRC, 2000 and DOE. 1999d).

‘ ; Advantages. - . .. . ... - Limitations.
l Extxcmely cffective oxidizer of chlonnated - RRE Potcnnal reduction of aquifer permsablhly in d:e
_hydrocarbons without- producnon of toxic daughter .. |- .arca of reatment from precipitation of solid MnO, |
. producs. FoN e . “| - asareaction by:product. Also, potential mcrease |’
« s+ - --.|  indissolved Mn may be regulatory concern. -
2 Can be used overa w;dc pH range. 2. Low solubility in water.
3. Effective in an aquifer with a high caxbona(c or 3. Redox-sensitive metals/contaminants may -
bicarbonate content. potentially be mobilized under oxidizing
3 ' conditions.
4. Generally no exothermic reaction with KMnO, so 4. Less effective if natural oxidant demand is high
handling the product is relanvely safe compared with and/or if abundant natural organic malenal
other-oxidants: 1T~ (NOM) is present.

’S. No off-gassing and volauh.zzuon of comamxnam.s s U_mcacted KMnO,’s purple color in ymmdwat:r
= ¥ LS Ay result in’ rcgulatorv resistance. e
6. Rapld reacnon times and high dcsr.mcnon etficicncies | 6. Large amounts of reagent are required for the

Yrmemree T “aes A

o leading to reduced remediation costs.. - _.| - remediationof DNAPLs.. - . = .. . .. .. .. .-
T4 [7: Unreacted KMnO, is relatively stable in groundwmcr 7 Hazardous intermediate compound.s maybe =

which allows: . formed due 16 incomplete oxidation caused by:

e A larger area of influence around the injection e Insufficient quantity of either oxidant or
1! point. ’ . catalyst.
1 o Diffii o of the oxidant into media with low e The presence of interfering compounds
S wwin v v |2 = permeaoility over time further enhancing dch\ ery | = “(natural organic-rich media. iron and/or )

-hard-lo-l:rcal contarmnatcd“ ' T "‘T"r?mngancsc) thaf consumc the re:

“tudies: ofm Sity cFamical omda'lon lhrough Tédirculation (lQCOR) were pcrformed attwo
Iocauom; at the facility using ‘two vanations of the process. one with horizontal. wells and one .
“-with vertical wells. Both of the applications were used 1o treat TCE in the Gallia aquifer,a = =~
snallow silty gravel umt underlying the sitethat 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 KMnO, was demonstrated
_using a pair of a horizontal wells with 200 ft screened sections located within the Gallia aquifer,
which is approximately 5 f thnck at this location. The honizontal wells were placed in the center _ -
ofa 500, ft-wide groundwalcr plume ema.naung from a-known TCE source (DOE; 1999d). . Solid -~ =
"“KMnO, was mixed with groundwater extracted from the upgradnem well and re-mjected mto the~ T oA
.downgradxem well approx:mately 90 Raway, ;- irn- e ’ i

"A solution of approximately 2 to 4 percent KMnO, was recirculated th.rough thc systan for aboux
amonth. Additional injection of KMnO, was performed through a vertical well, located in the
center of the treatment area, for another 8 days to enhance the delivery of the oxidan: 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_176. mg/L before.treatment..1-10.mg/L.-at-completion-of-

... - --treatment, and 41 mg/L 2-weeks after treatment. Ofthe 17 monnonng wells in the mtment
i zonc. 13 showed a rcducuon'lfrom a hlgh ol'S’O mg/L to’<s 5 g/l (Slegnst et al 2000) e

... ......Continued.monitoring: mdxcaled that the-average TCE concentration for the area rebounded Ww6s™
o 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 reaca 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 K.MnO.. TCE conccnmmons

dropped to-either non-detectable or lov. ppb lev els ( DOE l999d) """

toxxcnty measu'ed and no pcrmeablllv loss in the fommuon

- emem————Additior:i-examples- ofpn]ot--and-ﬁ.ll :scale- p:o;ecxs for the"r?r‘n‘edxauon ofchlonnatcd <olvcnts
g in glox.ndwater are provided in Table_ 3- ), e 55
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Table 3-3 Appllcatxons of potassmm permanganate oxidation for remcdxanon of chlonnatcd solvents in
groundwalcr (ESTCP 1999 and Amarante 2000)

o Abihty to Mect Ob]ccnvcs/ Follow~up
& Acuons

R.emodml Objccuvﬁ .(

. L Launch Complcx 34 : »_Evaluatc (he completc
' fhydrogcologncal.

7 ey Cunm!.lyxnpmgnss. Final results'not -
“Cape-Canavera

“available, bt prelizmisary resuls for lsook" il

. | NASA,DOE.EPA, . ! .| chemical and contaminant |- with KMnO. w'a removal'efficiency
- ‘and DOD : . | distribution changes 99% in scveral monitoring wells
' | resulting from application mut the eatment zone
| : " | of KMnO, 10,2
: N . | contaminated aqulfcr ] A
| BMC Olen, Pilot Stidy® | Phased objectives: The treatment met the most critical goals oft
Irvine, CA/Private | SOPIEE. | | Reduce dissolved TCE | 1. Reducing dissolved-phase chiorinated
.| site. d’“a € | | and.methy!zne chloride . VOC levels (estimated at 97%. reduction _
. : . e uncerway. ~to-asymptote: =" "G low ppb levels'in thc lngecuon zone).
co . Tum off active . erminatifig active rer ianior
- ‘mediation(vapors sy r/-lrec'ch"’r"y a'nd*gronn

recovery and gmundw““' “The treatment did not meet thc further -
| extraction.
3 Qbuain site-closurer 7 ;1) Site closure wuhout Ion'g.-tcrm o
4. Achicve dissolved ’ ‘monitonng (partly due to the unexpccwd
TVOC levels below 500 presence of methylene chloride).
HB/L site-wide. 12 A site-wide average dissolved TCE
concertration of less than S00 pg/L.
...| Long-ten:. :nonitoring will be_required as . ..
‘|_part of the monitored narural. attenuation...
strategy |  for res:dual coma.mmants e

ufmge'(ESTCP 999)-"@20;\.5.
area of mﬂuenc"; e

S EER t- MKESDoc.:No...
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4.1 Technology Description
Ozone is an allotrope of oxygen that contains three oxygen molecules (O,), rather than the more
common oxygen gas which consists of two oxygen molecules (O,). Ozone is unstable in nature,
- and because of this, serves as an aggressive oxidizing agent (ITRC, 2000). Ozone can oxidize
.- contaminants directly or (hrough the formation of hydmxyl radicals (OHe). Contammants A
:.oxidizable by ozone include aromatics, PAHs, pesticides aliphatic hydrocarbons (chlonnated
) solvents), and ordnance compounds (e.g. ,explosives) (ITRC, 2000) Thc [ 'dauon of TCF. by
: dZzone is rcprescmed by thc followmg equanon (Slegnst etal, 2000)

o,+H,o +C,HCl, —» 2CO, + 3HCl
Ozone water TCE carbon hydrochloric
g dioxide acid

The reaction by-products are harmless in the subsurface; the HCL is buffered by carbonates in

_the soil_or_.water...Ozone.reacts.very-quickly-in-the-subsurface-and- does*nol migratelong ™™
dlstanccs from the point of deliv ery (Ym and Allen, 1997}

_._,..r\ =¥y LS

"Ozone is usually &'clchred loTthe subsurface lhrough an air sparging system using closely spaced

Sparge points... Due, to.ozone’s high reactivity; instability; and-corrosivity, it is' genérated Gn"site”™
using electrical generators. In the sutsurtace. direct oxidation from the ozone occurs, as does
oxication from the hydroxyl radicals which rapidly attack organic contaminants (typically less
thm. 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 solutions using

-~ozone are generally-not propnetary ‘In situ application of ozone is. generally delivered. ____

mtermmemly a!ong wuh compressed :nr \mo comammaxcd gmund\\ ater usmg convenuonal

X181 2 tiffie%, fiGTe-soluble iRan oxygen'andis =A%

~-transferred into the 3qucous phase more rapidly. -~ |¢ through an aquxfcr over Jarge distances, (h,:rc(ot;.

|: . High solubility is beneficial for achieving oxvgen _ .| ~requircs closely-spaced delivery points.. =
‘satufation in a contaminated aquifer (to enhance §

RCY_ 0




Advantages ' Limitations
microbial biodegradation of organics). ;
3. Is-effective in remediating a wide variety of organic | 3. Susceptible to interference from free radical

compounds, including those typically resistant to scavengers such as acids.
_oxidation using conventional technologies
4. Effective in remediation of ordnance compounds -1 4. Potential for rcacnon-gmmnon of heat and gas in

(e Cxploawts) G _ - ;| thesubsurface. . . .. . I P,

' .- i - -]-5.Redox-sensitive mculs/conmmmanu may’, e e
potcnuallybcmobthzedundctoxldmng
i o : condmons '

i i 3 Site Applicatib.ns R - O .._-,... ...-v e

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, 2000). The system consisted of three sparge wells with

~locations based on a review of available site information and prcvnous cxpcncnce Each spargc
ell consisted.of a double- screened well.with proprietary sparge-points both-within the’ well‘and
At the bottom'of the bonng AC- Sparge“' system was used to introduce fine bubbles of -

. "ozonated air below and into the plumc of TCE impacted gmundwalcr A submemble pump
: circulated watér within the central pan ‘of the well'to displace the vcmcally moving bubbles
sideways, thereby increasing lateral dispersion and maximizing TCE 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-- .- e e coevv e

— __blowouls undcr_sysxem pressure§ and dead headmg of pumps—‘Results from” lhc pnlot TEsUs how”ed‘




Dehvcry systems more typxcally used to lreat groundwatcr mvolve duect oxndam mjectmn or

e Lance Permeation: involves using vertical lances to inject Fenton Réagcnt or
permanganate solution into the sotl.
s Soil Fractunng' involves creating horizontal fractures in the soil at vanious depths,
- which are then: ﬁlled with permanganate to act as horizontal treatment zones.
_Soil. ang lhe oxidant is injected through a giant auger head to’ react and mxx wuh'
contammated sonl Uscd with.either peroxide or permanganatc -

o Injection of oxidant through newly-constructed or existing wells (more commonly
permanganate due to process- specnﬁc pressure mom\ormg associated with peroxide
injection). :

s

- :'.z\.atment L

Cor 8 im0

-»—-Injection.of oxidant.(Eenton.Reagent). lhrough proprietary vertically-oriented
% injectors, Wthh involves patented modes cf delivery and/or mixing of. lhe oxldam and .

caialysl (e g— ueocleans;w melhod)

groundwater through a series-of injector- wells and collection-(recirculation) of tchd
groundwater in extraction wells. These well arrays can be either vertical or
honizontal. The process is also known as vertical well flushing or horizontal well

flushing.

- ISCOR, which:involves injection of oxidant (pcrox\de or permanganate) into the _ .

ein.th destmcnon ‘of; rgamcs in grouudwaler Examiplés of.these il

3,

momtonng at lh.:. facnhtv NaMnO ochrs an cf&cu\c allcmauvc for in snu chemlcal ovudauon

Tt
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NaMnQO, is more expcnswe on a pound-per-pound basis. However. its increased ease of dchvery
and higher solubility save in labor and equipment costs, and reduce the remediation time. This
makes it a cost-effective alternative (Armarante, 2000).

‘-ChlormeDwxlde e .. . : : : 5 Sl

"TCE source destruction. In’ addmon to the oxxdanon. the procmss mteracts wnh soxl mmeral
‘.surfaccs improving thé partitioning of TCE from the soils and modifies ‘groundwater redox R

e .- _conditions (Adams.¢t al., 2000).  The-reduction in redox- potential is beneficial-for bacténa- "~ "~ 77T 7T
mediated reductive dehalogenation of TCE.

Magnesium Peroxide

Treatment with vanations of Fenton's chemistry such as rhagnesium peroxide have been

3 developed to extend the reaction time of the oxidant in the aquifer. Magnesium peroxide is a

- r——--~-——--sohd that-can'be-inserted in"di existifig well 't constricted into a permeable barrier (RTN, 2000).
: = 'A'..: .The solnd mag_n_e_smm pcroxlde decomposes into_oxygen ard insoluble.magnesium. hydroxide..

e Phosphate e can be added to thc magnesnum pcroxlde crystal 0 slow the decomposmon rate a.nd
provides somewhat of a '

groundivater.

This controlled release eliminates the supersaturation of the groundwater with oxygen, typical of

";‘. . . - . - age . .
i "4‘ . hydrogen peroxide applications. which can actually reduce oxygen availability in the tre: tment
”E '\_‘ B zone. The phosphate addmon to the magnesium peroxide prevents supersaturation but.may... .. ... .. . .

T T Cause gas blockage and reduce the soil’s. permeability-around the-injection-points (RTN"ZOOO)“‘"““‘““ 'y
i chenuls Lorporauon has developcd a propncla.ry magncsmm pcmxldc forrnulanon namied

S " The gcneral conclusion drawn aﬁer reacarchmg the.current state ofm suu chcmlcal oxldanon o
" technology is that, like most new technologies. the bugs are still bcmg worked out. pa.mcularly
« e s -with- rcgard to-the-remediationof chlfinated SoIVénts in Eroundwale. Because it is an in sift
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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 consxdemnons necessary for a succcssful lmplementatlon of the proc&sa E

A Apphcanon tothe GWOU _'__¢ P

e e e © e aiee, mes wapeey e

Remcdlanon of chlonnated solvents such as TCE wnthm a ﬁactured rock aquer poses o
considerable difficulties with mpect to both characterization 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” waterina
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 upgradxem and in hydraulxc contact. wuh thegv.cll (Foumam. 199R\

s

groundwater w:th rcspect to both acccssmg thc entire rcsndual source zone and artaxmng rel

.= hydraulic control...Many fractures are dead-ended, .potentially providing traps.for.solvents that.; .
" “cannot be coritacted with the treatment sclution. 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 treatment, the contamination will slowly dxffusc back into the ﬁacmm and

- .groundwater from.the rock matrix (Pankow and Cheny -1996). - =

6 s s . 4G Fe o mebn r M feennt

.un'enlly, lhere i lm!e mformatwn avaalable regardmg lhc apphcat'
‘xldatlon o lrcatment of ; ¥

: i method is 10. malch o
“the oxidant npe > ind dehverv 5)srem 1o lixe conlammanls of concern and site coﬁdmons Forin
situ ciiemnical oxidation to be.successful'y.applied at the GWOU, inherent difficulties posed by-- ~-,~~-— 2o
-the'fractured carbonate rock aquifer and the nature of the comammam (chlorinated solvent) must™ ~~" " © T TF
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be overcome. Subsurface characterization and the development of an accurate geological
conceptual model that details the stratigraphy and preferred flow pathways (areas of greater
transmissivity) are essential to implementing effective in situ oxidation treatment (ESTCP,
1999). It is critica] that ;_lie hydro_geolo_gy and gcochcmisny of the aquifer be well-understood to:

Select the bést method of chemlcal oxidation.. <L AL T
-: Optimize the design of the treatment system to. effectxvely delxver the oxxdam to.
. the contammant, within the constraints of the aqulfet' o
"o Estimate the radius of influence and fate of the oxidant in the subsurface.
o Determine the potential for mobilization of contaminants.
. Determine the number of applications réquired to meet the cleanup goals.

*TET

Specific aquifer conditions and contaminant properties related to oxidant transport in the
ubsurface-and- pro;ected chemical-interactions-that-require-measurement-prior-to-design-and
_-:‘avpplvi.g:‘a‘tivop of-an n-slpu‘ hemical oxidation tr atment svstem-are detailed below (DOE, 1999¢
“and 1999d): 7

So groutidwater pl
naturally occumnng pH condmons or whether adjustment is rcqutre(L

° Soil and groundwater Eh: to define background redox conditions and determine
potential impacts on speciation and mobil'y of non-target contaminants (e.g., metals,
3 ummum) ' !

B -~ e ST

..Contammant.n pe -and. concemranon affects. the_typc and. amount ofoxldam to.be.
apphed : ;

qusu rface be(erogenemes lmpacts (rcduccs) the ablhty for oxidants:to contact and”

‘destroy organic comammams Also lmpaus transpon and fate of unreacted oxidant.

»
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Design Process
The design process and expenence base for implementation of in situ chemical oxidation pro_;ects
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 pnmary steps taken in the d&ngn
process are gwen m ordcr below (Slegnsl 1998) _ L

Evaluatc the site condmons and comammam(s) of concemn
Conceptual design of oxidant and dehvery systcm .
- Laboratory bench-scale testing . i
Laboratory pilot-scale testing
‘Field full-scale pilot testing -
Detailed design of oxidant dosing, amendments, delivery system, process
monitoring, and control performance 2sssssment

A guidaiice and techniology overview document-is-currently-in-preparation-covering: the-——- —~
_happhcanon of in situ oxidation at'go.m_ammaud sites. This do;ument pmwdcs gundancc on the
- evaluation and dc51gn of in situ chemical oxidation witha focus on the use of | potassium ‘and*
. -.sodium. permanganates for remediation of contaminated sites (DOE, 1999d). The document will
" -betitled® “Guidance for /a"Sitw Chemieal Oxidation at Contaminated Sites:-An Overview-with a ..
Focus on Permanganate Systems™ propared for the U.S. Department of Energy. It will be
available in the late fall of 2000 (Hicks, 2000) and will provide much-needed infrmation and

guidance regarding the szlection, design, and operation of in situ oxidation systems.

- Unwanted. Resuln' i '
‘Before appl ying any chcm:cal oxidant.to.the aqunfer bencath the chcmxca] plant, it is. nmportam to.
: ven ) inthe oxldallon polenual (Eh) wnhm thc ground /3l -

Um.onnned groundwater was toiind at approxlmatelv 20'to 25 ft below griade. " Theé tain™ 7T .

contaminant of concern is TCE, which was not detected in any significant levels in the

MKES Doc. No.
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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 because
of the localized nature of the contamination, the proximity of the site regulatory threshold, and
the need to implement an expedited and economical remedial altemative (Roberts, 2000).

- Fenton’s Reagem was dehvered to-the aquifer through 14 mjectors overa 6—day penod. “A'total’
of approximately 3,500 gallons of 50 percent hydrogen peroxide and 3,200 gallons of fen'ous

7 “sulfite catalyst were injected: The process was monitored for delivery rate, peroxide -~ ;.. .. -
concentrations, injection pressures groundwater elevations, water quality masurements, and oﬁ’-

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

Results from the monitoring showéd 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 ~Five months after

.mnem _TCE céncentrations’ m ‘most of the wells had rebounded dramatmal!y, in one well to
one order of magmtude hxgher than had éver beéii meastired in the pfevious 9 years: “Another-:
: ‘well was three times. hlgher The most recent groundwatcr ¢zamplmg aﬁer 15 months shows tha!

- spot the worst bemg 20 times hlgher thal the historical pre-mjectlon maximum concentranon.
Another finding *vas that the configuration of the plume had changed, and the size had
approximately doubled.

_ The designers/operators of the system believe that the TCE concentraticns rebounded because-

the-oxidant was.effective. pnmanly n preferénnal subsurface flow paths. The hi ighly -
eterogeneous soxls of lhe site.have a- W|de range of permeablh The mjected oxxdam hkcly

£, groundwater . Fhis:ph
-geology.




7:3  Health and Safety Considerations

3 _ When applying a chemical oxidation technology to a site, 2 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
_ cxothermxc reactiors in the subsurface can potentially cause fire 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 chcrmcals and the pozennal for .y

et vxgorous unconu'olledrwcuonsmthe subsurface(ESTCP !999) Ze s

g

PRI
i

An example of the chemxcal oxxdauon apphcanon cmnng a h&lth and safety problqn 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-explosions-and-fire-(ESTCP;1999) Uncxpected levels of gasolinesrange:.
orgamcs in the uppcr sonl mcted wnh lhc pcmxxde multmg In excessive heat-and, off-gas. KA,

=5 Rty

x5 ! ; Contained oxygen and orgamcs) créaied énough prssunc to buckle

scoy

’ ',_plpe wherc it ngmted ﬁum the heat- of the rcacuon rcsultmg in undcrground éxplosions and fire.-

This chain of events led to the cancellation of the project. The site had not becn adequately
characterized to safely carry out the application of hydrogen peroxide. Lessons leamed from this
i event shows that a number of items were not accoumed for during the planning process which

: included (FST( P, 1999) )

i A\nom‘-r very récent mcndem dermonstiates thit ‘even relatv ely stab!e oxidants s such as sodlum
_ Permanganate ‘can cause serious:injury. A worker inyolved.in. groundwater- treatment at'the:
Ponsmouth Gaseous Diffusion’ Plant in Ohio suffercd thlrd-dcgrec chermcal burns over half of

..MKES Doc. No..-

Rev. 0

.. JoOcied 4% 33

,,o..... —




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

0

"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
e -chemical. reactxons and how best to use engmeenng controls and. cmergency planning to mmga!e
-~ - - ‘thesehazards.. - ... - . o A S
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