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MATHEMATICAL MODELING OF IN-SITU CHEMICAL
OXIDATION WITH KMnO,
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!Czech University of Agriculture, Faculty of Forestry and Environment, Prague, Czech
Republic
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Oxygen added to contaminated ground water and vadose zone can also enhance biodegradation of contaminants below and above
the water table. In-situ oxidation processes are utilized for cleanup groundwater contaminated with chlorinated hydrocarbons. The
actual in-situ chemical oxidation is driven by formation of a hydroxy! free radical. The combination of hydrogen peroxide and the
catalyst ferrous iron produces the hydroxyl free radical OH™ . This radical is an extremely powerful oxidizer of organic compounds
(McCreadie et al., 2003). Hydrogen peroxide and trace quantities of metallic salts are injected into the subsurface by
a preassurized injection technique. The oxidation process ultimately converts chlorinated organics to carbon dioxide, water, and
chloride ions. Residual hydrogen peroxide rapidly disassociates into oxygen and water. Soluble iron amendment added to the aqui-
fer during injection is precipitated out during the conversion to ferric iron. Mathematical model of groundwater and contaminant
transport is applied for specifying the input characteristics of this process and modeling various situations. Vodni zdroje, Inc. and
Institute of Chemical Technology Prague applied this method at MOTOCO company in Ceské Budgjovice in South Bohemia.

“VISUAL MODFLOW PRO” is used in simulation. Chemical reactions are modeled by means of RT3D v 2.5 software.

groundwater; modeling, in-situ chemical oxidation

INTRODUCTION

This task is a part of the study remediation in terms of
the first in-situ chemical oxidation of chlor-ethylene
(CHE) in Czech Republic pilot application during a con-
taminant remediation in Ceské Bud&jovice. The treat-
ment is proceeded by VODNI ZDROIJE, Inc. co-operat-
ing with the Department of Environmental Chemistry,
Institute of Chemical Technology in Prague (Hosnédl
et al., 2004). Industrial production in the area has been
proceeded since the beginning of the 20th century, reali-
sation of the remedial procedure is being dated since
1995 and VODNI ZDROIJE, Inc. has been performing
the works since 1998 (Uhlik et al.,, 1997). The
remediation objective on the site is to cleanup the con-
tamination of unsaturated and saturated zone represented
by two major pollutants, which belong among NAPL.

These are as follows:

— Chlorinated aliphatic unsaturated hydrocarbons
based on chlorinated ethylene. These matters are
marked by an abbreviation CIH and belong among
DNAPLs. In laboratories they are determined together
with matters of the type BTEX (benzene, toluene,
ethylbenzene, xylene — which belongs among
LNAPLs) like volatile organic matters (VOC/CVOC)
using GC/FID or GC/ECD method. Extraction is car-
ried out by purge and annoy or headspace method. The
speech is especially about tetrachlorethylene (PCE),
trichlorethylene  (TCE), cis-1.2-dichlorethylene
(cis-1,2-DCE) and vinylchloride (VC).

— Cutting oil with different additives. These matters
belong among petroleum hydrocarbons and they are
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summarily determined using spectrophotometry like
non-polar extractable matters (TPH (total petrol hy-
drocarbons) belong among NAPLs).

Contamination by other pollutants was not detected.
Potential contaminants were namely heavy metals — Ni,
Cu, Cr, Cd and Zn. All so far determined concentrations
in groundwater represent practically just the area of natu-
ral or enhanced natural background.The mathematical
model of groundwater flow and contaminant transport is
suitable to use in order to optimise the practical
remediation schedule. The main objective is the specifica-
tion of the remediation input data, namely concentration
of the oxidant solution, form of its application — amount
and shape of injecting wells, determination of the flow di-
rection and concentration gradient (contaminant and oxi-
dant), risk delimitation and finally determining of the
remediation time.Situation is simulated by finite different
method using WHI Visual MODFLOW Pro v 3.1.86 soft-
ware package, the oxidation itself using RT3D v2.5.

MATERIAL AND METHODS

In-situ chemical oxidation method (ISCO) is a devel-
oping technology of unsaturated and saturated zone
remediation in contaminant source areas of CHE and pe-
troleum matters. The main advantages are:
destruction of chlorinated and also unchlorinated parts
— creation of non-toxic products
controlled secondary reactions and products
simple use
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The most common used oxidation agents are Fenton’s
agent (H,O, catalysed by Fez+) and KMnO, or NaMnOj.
According to known investigations it is possible to de-
grade 70-95% of sum total chlorinated hydrocarbons
(CIH) in soil and the groundwater. CIH’s typically de-
grade to CO,, H', OH™ and CI".

The Fenton’s agent degradation result is water, oxy-
gen, hydrated oxides and hydroxides of Fe' (rust). The
permanganate degradation results in K™ or Na* ions and
MnO,, which is in standard environmental conditions in-
soluble mineral (burel).

The groundwater mode is in wide-interest territory af-
fected by pumping in terms of pump and threat and water
supply, among which belongs e.g. water inlet for a brew-
ery. Before the initiation of pump and threat started,
there had not been sufficient number of hydrogeological
wells for measuring and their later realisation proceeded
step by step in several years. With regard to natural
formed piezometric level of groundwater, data are not
available. Because of this reason there were the water ta-
bles calibrated primarily using metering from 19. 2.
1996, when a break during pump and threat campaign
occurred. Second calibration for steady flow is designed
according to the conditions at pump and threat period
during the year 2003 and continues the transient flow
from beginning of the year 2004 together with CIH trans-
port and KMnOy injection.
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Area discretisation

The area is divided into 111 x 81 square elements
with side lenght of 5 m. In the KMnOy inject-wells area
is the mesh condensed. In vertical direction the situation
is reflected as 6-layer model, where 1% 3™ and 5™ layers
represent permeable quarterly basin sediments, 2", 4"
and 6™ layers represent clay aquitards.

Values of hydraulic and transport parameters are used
in the following range:

Mk. Parameter Unit Min. Max.

K Conductivity m/s | 1.00E-08 | 1.00E-04
Ss | Specific storage s 1.00E-0 | 5.00E-04
Sy ‘ Specific yield s 1.00E-03 | 3.00E-02
Ner. Effective porosity % 15 30
Coe : Organic carbon % 0.4 1 i
Kd J‘ Distribution coefficient m¥/kg | 8.00E-04 | 2.00E-03
B | Bulk density keg/m’ | 1820 | 2210

Boundary conditions
Used fundamental boundary conditions in the simula-

tion are the third type conditions, which represent 2 sur-
face streams in the area (MalSe and Mlynska stoka) and
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groundwater inflows or drains on borders of 1%, 3" and 5™ model layers (into and out of model territory). Setting
downward piezometric altitudes up margins of these saturated layers is then a downward vertical groundwater flow
simulated. The second type boundary conditions represent a zero flow over model margins and it was up margins of
aquitard layers 2 and 4, resultant flow here is then thought entirely vertical.For simulating the steady state flow is the
recharge infiltration set with value 2 1/s/km”. For simulating the unsteady state flow measured moon precipitation
amount used is measured.

Initial conditions for the CHE transport simulation concentration distribution, based on analyses from regular sam-
pling in the year 2003, before the oxidation campaign began. In the second layer initial concentrations are set as aver-
ages of 1*" and 3" layers. in deeper layers there are not any initial concentrations thought.

RESULTS AND DISCUSSION

The natural attenuation of CIH is not simulated in this model. All the concentrations are CIH sum and the sorption
parameters are used for TCE. The CIHs are also generally described as TCE.

Model CIH degradation solution counts in variants of direct aerobic decay and electron-acceptor kinetic reaction-
ary model. The complete simulation time was set 120 days.
1) The direct aerobic decay model is based on the following reaction:
2 KMnO, + C,HCl; = 2 CO, + 2 MnO? + 2 K"+ H" + 3 CI'
and the mass ratio of KMnQOy consumed to TCE is 1.92.
2) The electron-acceptor kinetic reactionary model considers also the concentration of the 2nd reactant (permanga-
nate), the degradation stops when the permanganate is consumed. The ratelaw is expressed:
[MnO; |

KTCE] = —————
K MnO 4 + [Mno-l ]

where: k = 1% order rate constant, KMnO, = half saturation constant

The instantaneous model

t; = 30 days
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t, = 120 days

= GWTlevel o]

TCE concentration [T}
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L

Transport and oxidation CLU

In terms of simulation there is not further CIH input
thought, contaminants migrate with the groundwater
flow and concentration gradient with a sorption influ-
ence.

Model CIH degradation solution counts in variants of
direct aerobic decay, first-order reaction and electron-ac-
ceptor kinetic reactionary model, there will be versions
of different oxidant concentrations simulated.

REFERENCES

HOSNEDL, P. et al.: Motoco: Annual report 2003. VODNI
ZDROIJE, a.s., 2004.

McCREADIE, H. et al.: Advanced groundwater modeling,
Waterloo hydrogeologic. Inc., 2003.

UHLIK, J. et al.: Motor-Jikov: Actualisation of groundwater
flow and contaminant transport model solution. Progeo,
s.r.0., 1997.

Received for publication on February 15, 2005
Accepted for publication on June 15, 2005

PECH, P. — KAHUDA, D. (Ceskd zem&dé&lska univerzita, Fakulta lesnicka a environmentalni, katedra vodniho
hospodéfstvi, Praha, Ceska republika; Vodni zdroje, a. s., Praha, Ceska republika):

Matematické modelovani in situ chemické oxidace pomoci KMNO,.
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Ukol je souéasti studie v ramci prvni poloprovozni aplikace in situ chemické oxidace chlorovanych etylent v CR,

sanace staré ekologické zatéZe v Ceskych Budg&jovicich,

s Ustavem chemie ochrany prostfedi VSCHT.
Priimyslova vyroba v aredlu probihd od pocatku 20.

1995, firma VODNI ZDROIE, a. s., je provadi od roku

kterou provadi firma VODNI ZDROIJE, a. s., ve spolupraci

stoleti, realizace napravnych opatieni je datovana od roku
1998.

Matematicky model proudéni podzemni vody a transportu kontaminantd je vhodné pouZit pro optimalizaci
praktického postupu. Hlavnim dkolem je zde upfesnéni vstupnich dat procesu, tedy koncentrace aplikovaného roztoku
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oxidantu, forma jeho aplikace — tj. druh, pocet a lokalizace hydrogeologickych objekti, sledovani smérii proudéni a
koncentraci kontaminantd a oxidantu, vymezeni rizik a v neposledni fadé samozfejmé odhad doby trvani sanacnich
praci.

Situace je modelovana metodou konecnych diferenci pomoci softwaru Visual MODFLOW Pro v 3.1.86, vlastni
reakce potom programem RT3D v2.5.

Metoda in situ chemické oxidace (ISCO) je rozvijejici se technologii sanace nesaturované i saturované zony ve
zdrojovych oblastech kontaminace chlorovanymi etyleny a ropnymi latkami. Hlavnimi vyhodami pouziti metody
jsou:

— destrukce chlorovanych i nechlorovanych slozek
— vznik netoxickych produktd

— fizené vedlejsi reakce a produkty

— snadnost pouZiti

Nejb&znéjsi v zahraniCi pouzivand oxidacni Cinidla jsou Fentonovo ¢inidlo (H,O; s katalyzatorem Fe’) a KMnO,
nebo NaMnO,. Podle zahrani¢nich terénnich studii lze pfi pouziti téchto Cinidel odstranit 70-95 % celkového
mnozstvi chlorovanych uhlovodikt (ClU) obsazenych v zeminach a podzemni vodé. CIU se typicky rozkladaji na
CO,, H*, OH™ a CI'. Vysledkem rozkladu Fentonova ¢&inidla je voda, kyslik, hydratované oxidy a hydroxidy
trojmocného Zeleza (rez). Rozkladem manganistanu vznikaji ionty drasliku nebo sodiku a MnO,, ktery je v béZnych
environmentalnich podminkach nerozpustny mineral (burel).

Rezim podzemni vody je v SirSim zdjmovém tdzemi dlouhodobé ovlivnén Cerpanim v ramci sanacnich praci
a odbéry z okolnich jimacich objektil, mezi které patii napt. i odbér vody pro pivovar. Pfed zahdjenim sanacnich praci
ovSem neexistoval na lokalité dostatecny pocet hydrogeologickych objektli pro méfeni a jejich pozdéjsi realizace
probihala postupné. Data ohledné pfirozené ustdlené piezometrické Grovné podzemni vody nejsou tedy dostupna.
Z tohoto divodu byla ke kalibraci primarné pouzita méfeni z 19. 2. 1996, tedy z konce tehdejsi tydenni odstavky
sanac¢niho Cerpani. Druha kalibrace pro ustilené proudéni je potom provedena podle stavu pfi sanacnim Cerpani
v prubéhu roku 2003 a nasleduje nestacionarni simulace proudéni podzemni vody od pocatku roku 2004 spole¢né
s transportem CIU a injekci KMnO,.Uzemi je rozdéleno na 111 x 81 &tvercovych elementd o strané 5 m. V oblasti
injektovani KMnOQOy, je potom pocitano se zhuSténim sité. Ve svislém sméru je situace rozdélena do Sesti vrstev, kdy 1.,
3. a 5. vrstva reprezentuji propustné polohy kvartérnich a panevnich sedimentd, 2., 4. a 6. vrstva predstavuji polohy
jilovych izolatora.

V ramci simulace neni uvazovano s dotaci CIU, kontaminanty se §iff vlivem proudéni podzemni vody a gradientu
koncentraci pii uvazovani sorpce. Modelova degradace ClU je feSena ve variantach pfimého aerobniho rozkladu CIU,
reakce rozkladu CIU prvniho fadu a elektron-akceptorového kinetického reakéniho modelu, modelovany budou verze
ruzné koncentrace oxidantu KmnQ,.

podzemni voda; modelovani; in situ chemicka oxidace
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