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Purpose

e |dentify effective chemical oxidants for
treating:

1. Complex and high-strength mixture of sulfa
drugs, barbiturates, semi-volatile organic
compounds, and chlorinated solvents

2. Mixture of phosphorothionate pesticides

e [Further evaluate effectiveness of Fenton’s
reagent as an oxidant, which not been
fleld-demonstrated in Denmark

engineers | scientists | innovators



Geosyntec”

consultants

Why In Situ Chemical Oxidation?

1. Keergard
Aggressive, powerful treatment option

No precedence for In situ treatment of
complex mixture of sulfa drugs, barbiturates,
semi-volatiles, chlorinated solvents

Bioremediation of antibiotics - feasible?

2. Hofde 42
- Aggressive, powerful treatment option
- Highly toxic material — avoid ex situ treatment

- Low pH — makes bioremediation problematic
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Redox Potentials and Applications of
Common Chemical Oxidants
React Eo (v Common
Oxidant cactive (V) Applications Comments
Species _ _
In-Situ | Ex-Situ
Fenton’s reagent «OH Non-specific, short half-
5 Fe2+? (0,,« HO,, | -2.8 Y life, exothermic, difficult
22 H,O,, HO,-) to control in situ
Ozone/H,0, «OH V Non-specific, powerful
-2.8 :
(peroxone) (Oy) oxidant
Activated persulfate Heat activation
(heat, chelated «SO,%" -2.6 emerging exXDEnSive
metals, H,0,) P
Ozone Os, -2.1 Vv Vv
(- OH) '
Persulfate S,0.% -2.1 emerging Half-life on the order of
weeks
Permanganate MnO, 17 Vv Vv Long half-life, easy to

handle & manipulate




Kcergard Plantage
(oharmaceutical waste disposal site)
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Kaergard Plantage, Jutland, Denmark
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Scale of Problem:

7.5 million gallons of
waste water released
containing:

SVOCs

VOCs
Sulfonamides
Barbiturates

Hydrocarbons
Lithium

60,000 metric tons of
salts, and organic
contaminants

Today, contaminant
discharge to North Sea
is estimated at 50
metric tons/yr
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Sulfonamides in
roundwater (mg/L)
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Chlorinated solvents

== iN groundwater (ug/L)
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Kaergard: A quick study of Sulfonamides

@

i

. : RIHN 5=0
General Structure: ‘< >_\ :

e Some sulfonamides observed at the site:

Sulfanilic Acid Sulfamethazine <=\ Sulfadiazine
I L

f; e lﬁﬁ 5;

MH=

o Fate-and-transport characteristics: highly soluble,znot
hydrophobic, anti-biotic
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Kaergard: A quick study of barbiturates

O

« General Structure:  [R=HorChis | = 4

/k
‘ X =0orS ’

e Some barbiturates observed at the S|te.

0 {j .
fﬁ\\ /Z }_HH LMH J_( L‘H
>< */_ /1\ :/j;/L
« Fate-and-transport characteristics: highly soluble, not
hydrophobic

R5/R5' = Aromatic
or alkyl

Rs
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Kaergard: Summary of Test Approach

Treatment Reagent Dose
Treatment Zone Medium Low Med High
Groundwater 0.94% 1.90% 2.80%
Fenton's Source Area ' 0 0 0
Reagent Soll 0.25% 1.25% 6.25%
DNAPL-
impacted Soil 3.30% 10.30% 17.70%
Groundwater 4 g/L
Soll 9 g/L
Permanganate [Source Area
DNAPL-
impacted Soil 9 g/L
Advanced _
Oxidation Downgradient 500 mg/L O3 750 mg/L O3 375(1000 mg/L O,
(H20,/05, Plume Groundwater 250 mg/L H,0, |mg/L H,0, 500 mg/L H,0,
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Example Sterile Control — Sulfonamides

(no treatment agents)
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Kaergard: Fenton’s Results

30,000
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engineers | scientists | iInnovators

BTEX:

*Benzene, toluene 100%
destroyed by Fenton’s

VOCs:

Chlorinated ethenes
100% destroyed by
Fenton’s

Chlorinated methanes
NOT destroyed

eConsistent with literature




Geosyntec”

consultants
o) . y
Keergard: Fenton’s Results

1.4 =

1.2 —&— Bula bcrbii.cl . .
= \ —a— Pentobarbital Barbiturates:
g 1.0
5 08 \\ *100% destroyed by
£ o6 —~, Fenton’s
S 04  ——
o . F » »
® 0z *High DL at endpoint
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Advanced Oxidation - Sulfonamide Results
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Advanced Oxidation — Barbiturates Results
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engineer —4&— Butabarbital Amobarbital == Pentobarbital Barbital
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MnQO, (4 g/L) - Sulfonamide Results
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MnO, (4 g/L) — Barbiturates Results
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Results Summary Geosyntec®

Blank cell - majority | partially
no change degraded | degraded
= ~ o
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Permanganate
(4 g/L)
Fenton's
Reagent (2.8%
peroxide)
Advanced
Oxidation (1000
mg/L. Ozone)
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Toxicity Test Results:
Pre vs. Post-Treatment
Pre-Treatment T P;St- ; Change in
LC50 (%) | Cf’;’ ; 'f;e'; Toxicity |
(“ov/%) Microtox Test:

P - 11 Fold . .
crmangan 5.13 57.26 0 L uminescent bacteria
ate (4 g/1.) Decrease
Fenton's L.C50 value expresses

Reagent 5.13 14.87 3 Fold 1 how concentrated the
(2.8% Decrease 0
: sample can be for 50%
peroxide) : _
survival over 5 minutes
Advanced
Oxidation 8 Fold
(1000 mg/L 13.58 1.68 Increase
Ozone)

engineers | scientists | innovators
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Summary of Key Findings

 Modified Fenton’s Reagent and AOP
effectively treat Complex mixture of Sulfa
Drugs, Barbiturates, SVOCs and
Chlorinated Solvents

 Permanganate also treats Sulfa Drugs,
SVOCs, and CVOCs, but not barbiturates

* Treatment performance confirmed via
measurement of toxicity reduction

ineers | scientists | innovators



Hofde 42

(organophosphorus pesticide
waste disposal site)




Hofde 42
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Hafde 42

mMSL
Plume lenght 100 - 150 meter
e . i ' > Sea dike
L5 Plume width 150 - 200 meter A——~—\
P e
max. pile height
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e Hot spot area
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fﬁ wa[?.:EﬂEl:e: tipEsisas: il e :r:“':E:E:EEE:EEE:E:F:':?::-,
() V/- —me R R
6 i l'll, : & : e
Qu T Timmiadiiaininasaii
= 3*5 : r; ---------

- 8.0

c: ick SIh.latedE 3 m ;i
“below sea level At

arine clay

y

AI!!I!I!J

Scale of Problem:
235,000 Kg of sorbed phase pesticides
8000 Kg of pesticide DNAPL
60 Kg of mercury in DNAPL

Other Considerations:
Pesticide manufacturing contaminants
Pesticide degradation products

Extremely acidic (pH 3-4)

engineers | scientists | Innovators
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Hafde 42 . Organophosphorous
Pesticides

e Primary pesticides observed at the site:

:I-::;jNL - | |S| N’ h
o < o o
NN \O\ L %—2:
SN o)
N,
Others include: MCPA “‘“D”H\\D_

o Key toxicity issues:
In situ degradation/reaction products more toxic than
parent compounds (e.g., paraoxon, malaoxon!)

Very toxic to aquatic invertebrates and birds

engineers | scientists | innovators
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Hafde 42 : Organophosphorous
(phosphorothionate) Pesticides
Mol. Density | Aqueous (aKtrn Vabor
Chemical Structure Weight | (g/mL) | Solubility | Koc P
m3/mol) Pressure
(9) (mg/L)
Parathion, i 291.26 126 | 65420@ | 3x107 | 314- |0.89x 103
[Ethyl Py 20 °C 38000 | Pa @ 20 °C
parathion] ’ |
C,oH,NOPS nf“‘:?/\
Methyl 1 263.20 1.36 50 8x 108 | 366-
parathion o - 1516
C4H, NO.PS \O\D/HE /
) 33035 | 1.2] 143-145 | 4.89x10° | 407 | 1.25- 40
Malathion B @20°C x10 -6
CioH1904PS °4<_2:° mmHg @
9 20°C
p
— /\D_
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Hafde 42 : ISCO Tests Completed

Conducted
By

Treatment

Fenton's Study: H202/Fe
Groundwater Treatment

ISOTEC

Purpose

Permanganate Study: MnO4
Groundwater Treatment

COWI

Advanced Oxidation Study: O3/H202
Groundwater Treatment

APT

Ozone Study: O3
Groundwater Treatment

engineers | scientists | innovators




Geosyntec”

consultants

Hafde 42: Fenton’'s Results

20
a
: A Y
~
g 15 - —— MCPA
: “\ —— Malathion
O "\
= 10 . Meihy!
O ) . Parathion
= . Parathion
C '
8 . Ethyl-Sulfoteb
c S ; e
S . 4- Total
O "
I\.

o

5
A
—l
~ —o— Malaoxon
04
o —— Methyl-
N Paraoxon
c 3 Paraoxon
(o)
ﬁt-’_z - 4- Total
t 2
()
2 -
ol |
O
0 L - 1 g I \g
0 2 4 6 8 10

Peroxide Dose (%)
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Pesticides:

*100% destroyed by
Fenton’s

oxons:

*100% destroyed by
Fenton’s

«Common oxidation
Intermediate of pesticides

Produced In other oxidation
tests with Site GW
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Hafde 42 : Fenton’s Results

30
-
¥ —e—E-OOOPS
E 20 | —— M-OOSPS
c . EEM-OOSPS
2 15 MME-OOSPS
2 EEM-OOSPO
qc) 10 N . - 4- Total
2 \ ——E-OOOPO
o
O

: ‘k\
S 25 |- —e— MP-2-Syre
g h EP-2-Syre
- 20 " PNF
c b - ®- Amino-Parathion
2 15 4-Cl-Cresol A
E i - 4- Total -
e A Y
== N
o 10 — ~ ~
g /
O 5 )
°
0 T ---------------------- T B T T
0 2 4 6 8

Peroxide Dose (%)
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10

Manufacturing

Contaminants:

*100% destroyed by
Fenton’s

Degradation Products:

*MP-2-Syre produced with
higher dosage

Ozone & Ozone+H202
did not produce

*Toxicity of MP-2-Syre not
kKnown




Hafde 42 : Advanced Oxidation Geosyntec™
Results for Pesticides

Pesticides

25
—~ 20 A,
o~ "
(o) .
E
e 15 S,
2
2
; "’ 1\:\
3] ..
c .
o ‘.

0 \“':‘l \ \ 7\

0 200 400 600 800 1000
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—ee— MCPA —a—— Malathion Methyl Parathion
Parathion Ethyl-Sulfoteb ---A--- Total
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Hofde 42 : Advanced Oxidation Geosyntec®
Results for Pesticide Manufacturing
Contaminants

Parathion Manufacturing Contaminants

Conceniration (mg/L)
o

Ozone Dose (mg/L)

——E-OOOPS —&— M-OOSPS EEM-OOSPS
MME-OOSPS e  E-OOOPO ---A--- Total
EEM-OOSPO
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Hafde 42 . Permanganate Results
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Prave [D Preve | Kontrolpreve P2 P5 P24 P48 P72
Reaktionstid, timer 12 2 5 24 48 12

Pesticider:

Parathion 2,20 1,70 < 0,1 < 0,1 < 0,1 <01 <0,
Methyl-parathion 110 6,20 < 0,1 < 0,1 <01 < 0,1 <01
Malathion 9,80 8,60 0.2 < 0,1 <0, <01 <0,1
MCPA 2,36 2,31 1,2 1.0 0,4 0,1 <0,1
Ethyl-sulfotep <01 < 0,1 <0, 0,1 <0,1 <0, <01
sum, mg/| 21,5 18,9 1.4 1.0 0,4 0.1 0.0
MNedbrydningsprodukter:

Amino-Parathion <0, < 0,1 < 0,1 < 0.1 <0, <0, < 0,1
MP2-Syre 1.20 1,30 <02 <0,2 < 0,2 <02 0,2

EP2-Syre 12,10 12,70 < 0,2 <0,2 < 0,2 < 0,2 <0,2
PMNF 8,19 8,12 0,4 0.5 0,3 0.3 0.3

4-Cl-Cresol 1,04 1.06 0,6 0.6 0,7 0,7 0,7

Methyl-amino-parathion <01 < 0,1 < 0,1 < 0,1 <01 < 0,1 <01
MP1 <0,2 <0,2 < 0,2 < 0,2 0.1 0.3 0,2

FP1 <0,2 <02 <0,2 < (0,2 <0,2 < 0,2 <0,2
sum, ma/| 28,5 29,2 1,0 1,1 1,1 1,2 1,3

Stofurenheder og oxidationsprodukter:

M-O0SPS 3,80 3,50 <01 < 0,1 <0, < 0,1 <0,1
E-OCOPS 12,00 11.00 <01 < 0.1 <01 < 0,1 <01
MME-OOSPS 0,50 0,50 < 0,1 < 0.1 <0, <01 < 0,1
EEM-OOSPS 8,00 8,30 <01 <0, <0, <01 < 0,1
E-OCOFPO <0,1 <01 8.1 8,2 8,0 8,7 9,0

EEM-O0SPO 0.80 0,90 2,6 1.5 <01 <0, <0,1
sum, mag/| 25,1 24,2 10,7 9,7 8.0 8,7 9,0

Oxoner

Paraoxon 1,10 1,00 20 2.1 2,2 2.4 2.4

Methyl paraoxon <0, <01 1.9 2.1 2,2 2,2 24

Malaoxon <0, < 0,1 2,3 2,3 2.3 2.4 2,3

™ I |

4 4

q4 N

FoT =

o

Fa T | ™ ™ —




Pesticides

Parathion
Manufacturing

Contaminants &

their Oxidation
Products

Permanganate
Sgl)

Ozone
(190 mg/L)

Ozone and
Peroxide (1000
mg/L)

Fenton's
Reagent (8.1%)
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Hafde 42 : Res

Parathion Reactio

Products
MCPA
Degradation
Products

Oxon Oxidation
Products

majority
degraded

partially
degraded

produced
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Ults Summary

Exceptions to the
trends...

e MP2-Syre produced

In Fenton’s tests

« E-OOOPO produced

In Ozone,
Ozone+H202 &
Permanganate tests
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Hafde 42 : Toxicity Results
Pre-Treatment Tr;(:‘i;mt Decrease in
0 .
LC50 (%ev/y) LCS0 (%v/v) Toxicity
Ozone and
Peroxide 0.44 1.38 3 Fold
(1000 mg/L)
Fenton's
Reagent 0.55 42.35 77 Fold
(8.1%)

engineers | scientists | innovators
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Hafde 42 Summary

Four oxidants for ISCO evaluated in treatability
studies:

Ozone, Permanganate

e Excluded by production of Oxons
Ozone + H202

e Oxidized most CoCs

e Some reduction In toxicity

e Technology not widely tested for ISCO
Fenton's Reagent

e Oxidized most CoCs

e Large reduction in toxicity

 Most mature technology

engineers | scientists | innovators
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Presentation Summary

Fenton's Reagent and AOP

e Treatment performance confirmed for first time with
sulfonamides, barbiturates, and organophosphorus
pesticides

Permanganate

e Destroyed majority — but not all — of contaminants
 Performed far better than expected

Limitations of These Tests

 Not all treatment intermediates identified

* Did not answer the guestion of: how best to deliver in the
field

engineers | scientists | innovators
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