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To Protect The Innocent, It Is
Hereby Duly Stated That The
Opinions Expressed During This
Talk Are Those Of The Speaker
Alone.



Examples of Widely Used Ethers
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Another Example

Agent Orange
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2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDLC

*Mimics plant hormone
*Induces uncontrolled plant growth-death

«~20 million gallons sprayed on Vietnam,
Cambodia, and Laos

*Defoliate and decrease food supply

*TCDD contamination caused cancers etc.



Ether Background

e R-O-R R
— R groups Aliphatic or Aromatic
— Symmetrical or Asymmetrical 1100
— Linear or Cyclic R

 Bond Angle of 110°
— Weak Polarity (Small Net Dipole Moment)
— Solubility Comparable to Alcohols
— Boiling Point Comparable to Alkanes
— No Hydrogen Bonding Like Seen in Alcohols

* Relatively Non-Reactive
— Chemical Stability
— Biological Recalcitrance



Common Alkyl Ether Degradation Mechanism

O-dealkylation

s S - N

l Monooxygenase

» Aryl-O bond stronger that alkyl-O,
' therefore alkyl-O cleavage likely to
s~ 77 dominate

Hemiacetal

l Spontaneous

N g S

Alcohol Aldehyde 5

White et al., Microbiol. Rev. 60:216-232 (1996)



Common Aryl Ether Cleavage Mechanism
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From: Schmidt et al., 1992. FEMs Microbiol. Lett. 96:253



Bioremediation of MTBE:
An Historical Prospective
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| EPA Advisory Panel Urges Reduction
| In Use of Antipollution Fuel

Much Ado About

Nothing???
1999 News Papers

By Jorne J. Frates
Staff Reporter af THE Wall, STRERT JOURNAL

WASHINGTON A federal advisory
panel is urging the Envirenmentil Protec:
tiom Agency Lo gubstantially reduce use of
the afr-pollution-fghting fuel additive
MTEE because it is polluting ground water
in some parts of the country.

EPA Admintstrator Carel M, Browner
said that she would work with Congress o
soften 4 law requiring such fuel additives
in smog-prone cities. She gaid the shift
away from MTBE [methy]l Lertiary butyl
othar) must be carried oul s0 that air-juak
ity benafits ;!-rf.r'r'iﬂi-!li by MTEE aren’t lost.

The panel's report, which will be re-
leased today says that MTEE, 2 highly sol-
uble petroleum-based substance, 18 being
detected in drinking water, mostly in very
low levels, In Maine, California and other
areas, there have been reports that the ad-
ditive {5 changing the taste and odor of wa-
ter in private wells. Caltfornia is in the
process of banning its use,

“it's @ pesky litthe molecule," said Ja-
som Grumet, an en vironmental consultant
who served on the a-member advisory
panel. "While not particularty toxie, it ZIps
into the ground water.”

That raises a second probtem, he
added, because MTBE causes gasoling 1o
burn cleaner. One result is that cars that
use it release as much a8 35% fewer Loxic

Rewsrd  Pragut 8, 1979

J. water
at risk from
gas additive

Analysis points to trouble
in wells, public supplies

By BRUNO TEDESCHI

Trenton Bureau

Additive

suhstances Into the aiv. I wa're going o
give refiners the flexibility to use loss of
this stuff, we need to make sure they don't
put more toxic additives back in” Mr.
Grumet said.

According o Dan Greenbawm, chalr-
mian of the EPA advisory panel, okl compa-
nies and oller manufacturers produece
950,000 barreis a day of MTBE, making na
£ 4 hillion-a-year industry.

MTHER iw one of 3 family of co-naliod
puyirenates that refiners hegan adding to
gasoling in the 16705 when lead additives
were banned for pnvironmental TeAsoNS.
Oxygenates boost the octane rating of
gasoline; a higher petane rating means
hetter mileage. One potentll substitute for
MTBE is ethanol, an alcohal-based addi-
tive manufaetured from cor. = i

The advisory panel will ks PR '
mend that the EPA take more tham 20 of
actions to reduce the spillage of gasol
especially from underground storage 1| AP
and from hoats, some of which spr
large amaounts of unburned gasolineon
gurface of lakes and rivers. LES.

vpagple have got 1o leart 1o har
pasoline better,” saild Mr, Grumet., -
that a considerable amount of MTEE Y 29,

AR R ]

jeased by COnSUMErs while pourin
B &

mend drastically reducing the use
of the additive in gasoline.
Although state environmental
officials have not tracked the full
extent of the problem in New Jer-

When it was added to gasoline
in the eprly 18980s MTBE was

CONTAINS

MTBE

line into the family Lawn mower. THE STATE OF CALIFORMIA HAS DET
Gasoline with MTBE and other FHAT THE USE OF 1 A HAS DETERMINED
penating additives represents about it USE OF THIS CHEMICAL PRESENTS

A SIGNIFICANT RISK

TO THE

the nation's pasoline market, Xine 1 EMVIRONMEMT
I -



MTBE In The Environment

4 L of r-Gasoline Can Contaminate 16,000,00
GW to 20 ng/L

O L of

Estimated >50,000 Contaminated Sites in US ¢

— >18,000 in California
— >5.000 in New York

CH3C o O*CHQ,
CH,
MTBE

Detectable MTBE at Operating Sites (Buscheck et

al., 1998):

— California-83% -- 47% >1 mg/L
— Texas - 96% - 63% >1 mg/L
— Maryland - 98% -- 82% >1 mg/L

48% of Sites Evaluated in Washington, Altho
MTBE has NOT Been Used as an Oxygenate.

ugh
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~1OK gal. of gasollne
released between 10/84 and 3/85

9 acres of BTEX, 36 acres of MTBE

BTEX plume = 1,200 ft
MTBE plume = ~5000 ft




The Mid to Late '90s
A Period of Hysteria

o Extreme public and regulatory interest

— Blue Ribbon Panels

— Law Suits

— Groundwater Surveys (USGS, '96; LLNL, '95,'97)
 Ability to Treat MTBE Becomes a

Technology “Gold Standard”

— Improved ways to add oxygen

— Advanced chemical oxidation

— Biological treatment

12



MTBE Biodegradation in the Environment
Scientific Literature

The “Early Days” And Now...
‘84 No degradation in e ‘05-‘97 Pure co-metabolic cultures
sludge (Fujiwara et al.) isolated (Kulpa, Envirogen, Hyman)
‘90 No degradation in e ‘99 First growth cultures (Skow,
sludge, aquifer, soil (Arvin et  Envirogen)
al.)

* ‘00 - Methanogenic conditions (Wilson et

‘93 No degradation al.)
methanogenic aquifers
(Suflita et al.) e ‘01 - Iron, Nitrate, Sulfate Reducing

(Lovely, USGS, Haggblom)
‘94 First degradation in

sludge (Salanitro et al.) « ‘02 - “Everywhere we look” (USGS)

 Today - “Just add oxygen, or not!” 13



A Tale of Two Cultures

 Propane Oxidizing
Bacteria (POB)
-- Indigenous

-- Growth on Propane

-- No Apparent Growth on
MTBE

-- Converts MTBE to CO,

-- Co-Metabolism?
-- Steffan et al., 1997. Appl.

Environ. Microbiol. 63:4216.

-- Biostimulation,
Bioaugmentation

Strain ENV735

Environmental Isolate
Growth on H, and Others
Growth on MTBE

Inducible TBA
degradation

Converts MTBE to CO,

Hatzinger et al., 2001.

Appl. Environ. Microbiol.
67:5601.

Bioreactors,

Bioaugmentation B



Percent (%) of Total Carbon

Added as MTBE
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Biodegradation of 20 ppm [14C]I\/ITBE by ENV425
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From: Steffan et al., 1997. Appl. Environ. Microbiol. 63:4216-4222



Initial Reactions in MTBE Oxidation

MTBE [Hemiacetal] TBF
CH O,, NADH CH NAD* CH
1 3 1 3 1 3
H,C-C-CH, SCAM 4H3C-CI-CH3 TEFS mumff- H C-C-CH,
O-CH, HO,NAD*  C H, O-CH,OH NADH O-CHO
»
HCHO TBA HCOOH
CH,OH CH,
H,C-C-CH H,C-C-CH fg\
3 ! 8 NADH NAD* 3 ! 3 T
O-CH;, OH NAD > NADH
HCOOH /\ g
3 ~
Dominant Pathway NADH O CH, g
Cco, CH,OH Co,
| = H,C-C-CH,
Minor Pathway OH

2-methyl-1,2-propanediol

16

Slide From Michael Hyman, NC State University



Propane Biosparging for MTBE Remediation
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Propane Oxidizing Bacteria

U.S. Patent # 5,814,514, 1998



Why In Situ Biostimulation With
Propane?

Inexpensive and Non-Toxic Substrate
Utilizes Adapted Indigenous Microbes
Flexible Implementation

— air sparging systems

— permeable sparging walls

— recirculating wells
— existing systems and equipment

Degrades both MTBE and TBA

18



In Situ Treatment

Biostimulation with Propane
Oxidizing Bacteria




Case Study 1

New Jersey Service Station

History of Air Sparging with Little
MTBE Removal

High Concentration of MTBE
_ow Residual BTEX
_ow pH




System Operating Conditions

6 L of strain ENV425 added to each sparge
point as seed culture

Continuous air sparging at 13 SCFM

Propane added 10 min. every 3 hrs (~0.23
kg/d; <10% LEL)

Periodic buffering by adding sodium
bicarbonate to sparging wells

21



groundwater flow ~ N
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MTEE (mafl)

MTBE Concentration in MW6

(upgradient edge of treatment zone)
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groundwater flow ~ N
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MTEE (mafl)
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groundwater flow ~ N
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MTEE (mafl)
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MTBE Concentration in MW9

(Just downgradient of injection system)
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groundwater flow ~ N
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MTBE (mgiL)

MTBE in MW11 (down gradient)
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Case 1 Conclusions

MTBE concentrations were reduced 93% at
MW-9, 76% at MW-7, and 40% at MW-6.

Minimal stripping of MTBE and propane

MTBE rebound due to continuous MTBE
source

Propane cost -- $240 (5 months); Bacteria
added -- 18L

30



The Early 2000s
“MTBE? Who cares about MTBE?”

Apparent easing of public and regulatory
hysteria

MTBE disappearing at many sites

Natural attenuation a possibility
— Questions remain about TBA

Oxygen addition Is sufficient at many sites

31



So Where’s the I\/ITBE Going?

Detailed Hydrocarbon Analysis

&3l Demonstration at PH 2001
She N TBE Pemgnstratlon at PH ca. 1998

b 10 groundwater flow ——
* *
kssds & §
<O O O o
~ | o 8 0 ¢ <
= 3 o * 634
gﬁ m 444
L A -17d
m 01 + 0d
x 32d
E e 67d
0.01 o 129d
F o 186d
[ O,-Only Plot - deep pho
0.001 " S D S S R PR
0 3 6 9 12 15

From Salanitro et al, 2000 P1stance [m]

min. 70 80 90 100 110 120 130
GC_PC00209

The Better Bacteria
Model

- Naturally-occurring
MTBE degrading
bacteria have evolved,
been recruited, or been

& enriched in
= contaminated aquifers.

The Hyman Model

: -Gasoline components

and their oxidation
products support co-
metabolic MTBE

degradation. -



MTBE Degradation by Propanotrophs Grown on n-Acids

45 [ [ [ I I I I I I I
—— Acetic
4.0 : - a _
—— Propionic x
o —v¥— Butyric
@ 3.5F Valeric )
—@— Caproic
3.0F Heptanoic T
% 25/ |
)
o 2.0 .
aw
(SD 15_ -
0.5f ]

0.0

55 65 75 85 95 105 115

Time (h)

n-Acids can induce MTBE oxidation activity a3

Slide courtesy of Dr. Mike Hyman; NCSU



Potential Roles for Cometabolism in Natural
Attenuation/Remediation of MTBE

Exogenous alkane-  Endogenous metabolite-
S supported cometabolism supported cometabolism

Endogenous alkane-
supported cometabolism

Slide courtesy of Dr. Mike Hyman; Ncsu34



MTBE Summary

* The identification of MTBE
as a groundwater
contaminant in the mid
1990s led to great public
and regulatory concern

Identied as Problem

Outrage and

+ The biodegradability of e Reguatons, & The MTBE o as o oment

MTBE was confirmed in  compaconas \  Cycle
laboratory and field
studies

Technology Testing

] and Rational Study
e Most MTBE sites are now

treated with traditional

remedial technologies

— MNA, oxygen stimulation,
air sparging/stripping

35



Biodegradation of 1,4-Dioxane

»

36



1,4-Dioxane

To Learn More About
Solvent Stabilizers

SOLVENT STABILIZERS

WHITE PAPER
PREPUBLICATION COPY

lllllllllll

Thomas K. G. Mohr, R.G., C.E.G,, C.H.
A jate Engi ing Geologist

Underground Storage Tank Program - Water Supply
Santa Clara Valley Water District
5750 Almaden Expressway, San Jose, California, 95118

1,1,1-Trichloroethane

http://www.ValleyWater.org
37



Vapor Degreaser

T wAPOR AREA

R\ UL TRASONIC

BOIL SumP
FRONT WIEW e RIGHT VIEW

i . L : |
-- | /'.'E_. rl-'-. \\L | llr]_ . I
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Characteristics of 1,4-Dioxane

Chem/Phys/Tox

-- Cyclic Ether

-- High Miscibility in Water

-- Low Henry’s Law Coefficient -- 4.9 x 10 -® atm/m?3/mol

-- Low Partitioning Coefficient -- K = 1.23

-- Probable Human Carcinogen O

The Result

-- Chemically Stable

-- Low Odor and Taste Threshold

-- Difficult to Biodegrade O
-- Difficult to Remove by Air Stripping or Carbon Sorption
-- Very Mobile in Groundwater

-- Recently Identified as a Contaminant of Concern

39



Isolation of a New 1,4-Dioxane Degrader

Primary Enrichment on Molecular Characterization
Tetrahydrofuran

Strain ENV478

Modardia farcinica

] r— OO AN FEMEVEENSIS

Mocardia brevicatana

& MNocardia otiidiscavianim
Mocardia nova

Rhodococcus fascians

Micromonospora lacustris
—Micromonaspora chalcea
Micromonospara nigra

LMicmnnmpu‘a brunnea

16s rDNA sequence alignment for strain ENV478. The sequence differed by
O >4.8% from Nocardia farcinica, and did not closely match any other sequences in

the Genbank DNA database, indicating that it is a new 1,4-dioxane degrading
[ l isolate.

Tetrahydrofuran (THF)

40



4ISERD

Strategic Environmental Research
and Development Program

1,4-Dioxane Degradation by Strain ENV478

1,4 Dioxane Degradation by THF-Grown ENV478 1,4 Dioxane Degradation by ENV478 After Growth on
(VSS =0.38 mgl/L) Different Substrates
30 30
=—&— THF, mg/I —&—P
—+— Dioxane, mg/l 1 ropane

25 -— '+~ -_ -@— THF (THF+Dioxane) * 25 —O=2-propanol
_ -~ i —-#l— Dioxane(THF+Dioxane) ] e Sutrose
Do | | ]
E. % 20 ] —8— YE
c = ]
215 | . g 151
© ] ,
s x 1
S0 - 8 10 -
(&) ]
C ]
(@] i
O 5 7 5

0 O:““\““\““\““\‘ T T T

0 50 100 150 200 0 5 10 15 20 25 30
Time, min Time (h)
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SERDP

dD IpmnPgm

ENV478 1,4-Dioxane Biodegradation Pathway Analysis

H
© © OH OH C\< HOH,C COOH
—_— o | |
o o) o)

1,4-dioxane 1,4-dioxane-2-ol 2-hydroxyethoxy-2-acetaldehyde

Derived from: Vainberg et al., AEM 72:5218-5224 (2006)

- O

NAD(P)H NAD(P) XH2
[ ] [ ]/ [ T 5 > HOH,C \/\

THF 2 -Hydroxy-THF v-Butyrolactone 4-Hydroxybutyrate

« Strain ENV478 degrades 1,4-dioxane to 2-hydroxyethoxyacetic acid (2ZHEAA)
* Does not degrade 2HEAA

 Inability to grow on 1,4-dioxane likely related to inability to metabolize 2HEAA
» Experiments underway to generate strain that can metabolize this compound




1) SERDP

Strategic Environmental Research
and Development Program

Environmental Analysis

Collected Samples from Two 1,4-Dioxane-Contaminated Aquifers

Elkton, MD (collected by Solutions IES)

New York Commercial Site

Established Microcosms (n=170)

Aerobic

Nitrate reducing

Iron Reducing

Sulfate reducing

Methanogenic

Biostimulation

. THF, Propane, Lactate
Bioaugmentation (strain ENV478)
Controls (no addition, poisoned)

Site 1,4-Dioxane | 1,1,1-TCA CVOCs Other
Bio-barrier GP-1 | 130 ug/L 250ug/L | 1,726 ug/L| NA
Bio-barrier GP-5 100 ug/L 600ug/L | 1,056ug/L| NA
New York 13,000 ug/L | 83 ug/L 577 ug/L 590 ug/L svVOC

Note: New York samples sparged with nitrogen

AD
40




<) SERDP

Strategic Envi

and Deve IpmetP gam

Microcosm Results

1.4-DIOXANE [ugiL]

New York Site

16000
a
12000
8000
i —&—ENV478
—O— ENVA78+THF
—l— ENV425
i —{0— ENV425+Propane
4000 —a&— Control
g —24&— Killed
0 T T I T T T T I T T T T I T T T T ‘ T T T T I T T T T I
0 10 20 30 40 50 60

TIME (days)

1.4-Dioxane {ugil)

Maryland Site

1500

1000

500 &

—®— Propane r
—l— Bicaugmentation R
—4— Killed

Spike Spike |\ Spike

40 60
Time (d)

1,4-dioxane is being degraded only in microcosms
augmented with strain ENV478
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SERDP Extended Microcosm Studies

New York Site Microcosm Study Maryland Site Microcosm Study
2000 -
16000 7 lL —@— ENV47S
T = O=— ENV478+THF
b /é —E—ENV425 1
I —H— ENV425+Propane 1500
— e _
d 12000 Control , d
Sh i o
3 ] / =
= w
S / = -
] = 1000
5 8000 - ! g
3 5
= Q
T - <,
4000 500
0+ O S 8
0 50 100 150 200 250 300 350 400 0 o oo o oo a aoe ave 00
TIME (days)

TIME (days)

No Degradation Under Anaerobic Conditions

No Degradation by Native Microbes

45
Some Degradation with Bioaugmentation**



Degradation of 1,4 Dioxane in a 7-L Bioreactor

1,4 Dioxane Degradation by ENVA478:
Affect of Dioxane to THF Ratio

20 : :
—E— - -—E - — - a— — —

/

-
n

1
[ ] =—{1— Influent THF, magil xh
= Influent 1,4-Dioxane, mgil x h
=—t+=— Effluent THF, mafl x h

L
1
1
1
1
L
1
1
1
L
i
i
i
- =¥~ -Effiuent 14-Dioxane, mgl xh !
i
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1
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i
i
i
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o
I
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Feed

nutrient addition

1.4-Dioxane Treatment in a Fluid Bed

\

[ [
[acid feed | [ caustic feed |

pH controller

oxygen

level sensor ‘

P Effluent

temperature
controller

14 Dioxane (mgiL)

Bioreactor

Biological Treatment of 1,4-Dioxane in a FBR
43 min. HRT

—@— Effluent
—— Influent

11/16/99 11/18/99 11/21/99

11/28/99

0.2

0.15

0.1

0.05
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Conclusion

Biological treatment of 1,4-dioxane Is
possible, but not yet proven

-- EXx situ treatment in bioreactors
-- |n sItu treatment via co-metabolism
-- In situ treatment via bioaugmentation

48



Biodegradation of BCEE
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BCEE Degradation by THF-Grown ENV478

L L L L
Cl Cl L ]
\C¢C-O-C~C/ i ]
bis-2-chloro-ethylether  oof \ ;
c o\ ]
o 500 [N b
[ ]
E 400 :— - —=&— Chloroacetic acid —:
2 - \ -M— BCEE 1
S 300 f \ .
OH g \ ;
CI\ Vs CI 200 E \\ :
CfC'O'C~C/ 100 [ \\ E
0 ’ 1 1 1 | 1 1 1 \I\ ey 1 | 1 1 1 | 1 ]
hemiacetal 0 4 8 12 16
Time (h)
HO
c-C-OH —> 0O=C<p/ —>  O=C~pv
2-chloroethanol 2-chloroacetaldehyde 2-chloroacetate
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ENV478 Results

 Pseudonocardia sp. strain ENV748 uses
an expected monooxygenase pathway to
degrade BCEE

o Strain ENV478 does not grown on BCEE

51



Search for a Better BCEE Degrader

 Microcosm studies from a NJ Superfund
Site
— Aerobic and anaerobic BCEE degradation
— BCEE degraded only after aromatics
 Enrichment culturing led to strain ENV481
— Xanthobacter by 16S rRNA

52



E.::I

Cell Density (OD,

0.7

0.6

0.5

0.4

0.3

0.2

0.1 f

Growth of ENV481 on BCEE
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Possible Pathways for BCEE Degradation by
Xanthobacter sp. ENV481

Monooxygenase pathway

Cl Cl No 2-chloroethanol or
*c»C=0=C~p/ 2-chloroacetaldehyde produced

bis-2-chloro-ethylether

OH
Cl / Cl
C;C- O'C\C/

hemiacetal

A o
Cl - Cl \
\c-C=OH —> O=C~./" » o=c_.“

C

2-chloroethanol 2-chloroacetaldehyde 2-chloroacetate 4



BCEE Degradation Product Analysis

14 I I ) ) | ) ) ) ) | ) ) ) ) | ) ) ) ) | ) ) ) )
- | —®—BCEE, mM » 7
B —— 2-(2 Chloroethoxy)-ethanol, mM s 7
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o
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o
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Possible Pathways for BCEE Degradation by Xanthobacter sp. ENV481

Cl Cl
\C¢C-O-C~C/

bis-2-chloroethylether

C|-<7v

Os..c-0-cu O HO OH
c~ ~C \C¢C-O-C~C/
2(2-chloroethoxy) acetaldehyde % diethyleneglycol
y 4
¢ CI HEAA \ —_
O >
S.-C-0-C-~ . OH
/ C HO S ..C=0- C, ,OH
2(2-chloroethoxy) acetate O hemiacetal —
S ~C-OH
¢ ] HO \
OH
O 4 Cl 2-hydroxyacetate OH
N HO /
\,CaC-O-C~C/ —> \Cac=o C~C/OH
HO — O=C-~ C /C| 2-hydroxyethaldehyde ethylene glycol

hemiacetal

/

HO

Cl
\C¢C- O=Cu~ 7

C
2(2-chloroethoxy) ethanol

N

2-chloroethaldehyde

56



Possible Pathways for BCEE Degradation by Xanthobacter sp. ENV481
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Degradation of BCEE by ENV481: Anaerobic
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BCEE Summary

 Degraded by Xanthobacter sp. strain
ENV481

— Apparent hydrolytic dehalogenase
— Aerobic or anaerobic

 Degraded by Pseudonocardia sp. strain
ENV478

— Unknown Monooxygenase
— O-dealkylation mechanism
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Ether Conclusions

 Many Xenobiotic and Natural Ethers
A Few Common Degradation Mechanisms
* Anaerobic Mechanisms Less Understood
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