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What Is Enhanced ABOx?

= ABOXx is the utilization of non-oxygen electron acceptors in metabolizing
residual hydrocarbons

» Under appropriate biogeochemical conditions, sulfate reducing
microorganisms proliferate

(benzene) C;Hy + 3.75 SO,* + 3H,0 —

1.875H,S +1.8/5 HS + 6 HCO,; + 0.375 H*

= Anaerobic oxidative processes are effective on broad
classes of petroleum hydrocarbons (electron donors)

= ABOX is the engineered application of non-oxygen
electron acceptors

» Potential to be passive and effective

EEATIEE i_:'l_-r_‘ﬁ- DV, 1

" (Science, 200)
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Definition: Aerobic Bio-Oxidation

hydrocarbon Bacteria
population

CHZO‘ increases
]

L] --
O = o O

ond

k CO, + H,0

Redrawn from ITRC BioDNAPL training materials
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Definition: Anaerobic Bio-Oxidation

Hydrocarbon ‘
Q) ==

Bicarbonate

CO, + H, CH,

Redrawn from ITRC BioDNAPL training materials
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Comparative Electron Acceptor Potential to Degrade Benzene

Electron Effective Max Reaction Yield: Potential Max Potential
Acceptor Concentration in benzene mass _ Benzene Complications
Water degraded per unit Degraded
(EA) f EA (mg/L)
mass o m
(mg/L) g
Oxygen eLimited solubility
(ambient air 9-10 0.33 3.0-3.3
eNumerous non-target
sources)
scavengers
ePotential for aquifer
Oxygen 60 - 70 0.33 19.8 - 23.1 clogging through
(pure) biofouling and iron
precipitation
Nitrate 670,000 (NaNO3) 140,000 ePrimary MCL - 10 mg/L
1.1x105 (Mg(NO5),) 0.21 220,000 NO;-N (45 mg/L NO;)
0-1 0 -0.024 e Not practical to inject -
Iron (III) 0.024 very low solubility at

Sulfate

70,000 (Na,SO,)
250,000 (MgSO0,)

(Adapted from Cunningham et al., 2001)

neutral aquifer pH

e*Secondary MCL for
sulfate - 250 mg/L

eHydrogen sulfide; rarely
documented as an issue
in the field




Petroleum Hydrocarbons Oxidation
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Toluene

(Adapted from Aronson and
Howard, 1997)
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EthylBenzene

Anaerobic biodegradation of petroleum hydrocarbons is well-founded in the literature

Slide 7 20 December 2011  © 2011 ARCADIS m ARCADIS



Microbial-Mediated Kinetic Rates

e Most petroleum

A o Zero order hydrocarbor_l s_ites
> |- Dttty are sulfate-limited
=
£ « Increased sulfate-
> No Longer based oxidation
Sulfate Limited Sulfate Limited 5 rates Wlth
Increased sulfate
S] (/L) 2000maLsos concentrations
Based on sulfate reduction kinetic data ) ITSQ?;C 100s mg/L
provided by Roychoudhury and McCormick :
(2006) * Engineered

1,000s mg/L
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ABOXx of Petroleum Hydrocarbons Using Alternate

Electron Acceptors

Air sparge/aerobic bio

Why use sulfate?

Liquid injection/anaerobic bio

Electron acceptor (sulfate) injection
A R S R N T BRSNR

ey

Anaerobic

metabolic
reactions

i
I Injection | | .
Zone — Desorption Zone g

1
1
| Redox !

) 1
Reactive —_— Recovery s
¢ Zone

Zone :

» Much higher solubility than oxygen — greater than 1,000 fold increase

« Higher efficiency of delivery — mass injected versus mass that facilitates treatment

» Lower matrix demand losses, less fouling

» Anaerobic bioremediation — expedited hydrocarbon dissolution, faster cleanup
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FIELD DEMONSTRATION STUDY

FUEL DISTRIBUTION
CENTER
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Field Test Layout — Plan

Target 10- Dose response
radial well

distance A\ ATAVETA

*
n

Initial sulfate
injection wells

A

Replacement
injection wells

Multi-depth
piezometer
cluster
PZ-4




‘ Field Test Layout — Cross-Section

(ft bgs) ‘

IW-1/2 -
0

_ il |

10

Poorly sorted medium to coarse
sand — dredge spoils fill

S—

ERNEREEE RN LR

20

| o —
i(\‘/ Series of 6 nested piezometers

— separate boreholes
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Vertical Dose Response - Sulfate

Peak concentration at PZ-4, PZ-5, PZ-6 Peak concentrations at
PZ-2 and PZ-3 arrive

/ later

10,000 1

1,000 §+

] « Sulfate arrival
following first
injection is slower
and muted in the
smear zone (PZ-2
and PZ-3)

Sulfate (mg/L)
H
o
o

f|.0‘E

100 120

Elapsed Time (Days)

-0=Pz-2  -®-Pz3  =O-PZ-4 PZ-5 ——PZ-6

f2 ARCADIS
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Biogeochemical Indicator Data — PZ-4

Injections (x4 i
J (x4) e Onset of robust sulfate reduction
18,000 - 1200

: | | =
16,000 A ! I I/ - Ej
i a T 1,000
14,000 - Sulfate utilization half-life (corrected for i kS
. dilution) = ~10 days 9 ! >
12,000 A : : : - 800 O
—~ E I B =)
S, 10,000 3 | ' i @
£ : ! | » T 600 3
] | 2 ¢ | K¢ i ==
= 6,000 T | Y 400 <
n . | . I O
4 ' —_—
4,000 A i ¢ I g | I i
] . ll T 200 >
2,000 4 SV — NG | ;
. A _r_‘ = '5 (H =1 | §<2
o 2 &)
0 r T 0
-100 0 100 200 300 400
Elapsed Time (Days)
=O=Sulfate ==Sulfide =#-Dissolved Fe
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Hydrocarbon Treatment Data — PZ-4

Onset of robust sulfate reduction

l Total TPH-DRO: Polar + Non-Polar

10,000 3 —
4 . — 1 |
Ef l = !
@ [ | I I
o 1,000 -
2 ] | |
I 100 3 I | T\/
> | |
pr I | | |
a 10 | | |
S ! ' | Non-Polar TPH-DRO
o | | |
Q 1 . . . :
T
& -100 0 100 200 300

=O—Ethylbenzene

={=TPH-d with Quick SiGel
=& -TPH-D with No SiGel
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Ethylbenzene Carbon CSIA Indicates Biodegradation

20 deeper piezometers
A

= | |
g -22 - ] M N A
o
2
O 24 13C enrichment
il
o

26 1 u * H M piezometers

¢ MW-A
'28 TTT T T T T [TTT T 1T 1T 1 T [TTTT T T T T [TTT T T 1T 1 T ]
10000 1000 100 10 1

Ethylbenzene (pg/L)

Decreasing

- >
concentration
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Biogeochemical Indicator Data — MW-A

=>=Sulfate =#=Dissolved Fe

== ==Sylfate injections

12,000 - I I | 300
10,000 ] ! l l 250
8,000 I I I / 200 2
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E AN L e
g =
@ 6,000 1 | ] 150 =
© 7 QO
. U N 2 TR [\ L
» 4,000 1 | | - 100 &
- &
: i\
2,000 - ' 50
0 - - 0
75 0 75 150 205 300 375

Elapsed Time (Days)
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Hydrocarbon Treatment Data — MW-A

Total TPH-DRO: Polar + Non-Polar

=O=BTEX —=TPH-g

100,000 ~ ={=TPH-d with Quick SiGel <& -TPH-d with 10-g SiGel |

10,000

(ug/L)

1,000

Concentration

100 ! L I T T T T T
-900 -600 -300
Elapsed Time (Days)
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FIELD DEMONSTRATION STUDY

FORMER RETAIL
STATION

Alaska
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Site Plan

VE—4/AS—-7 @ o
e — - |
‘ I J VE 7@5_1::)0/ As—y3 B VE=8/AS=11 wE-9/AS-12
! N ©VE-2/AS-5 © 'Sign =] /l/l
| MW—10 MW—9 L
‘ Street Retaining Wall
| B o _ _ > _
|

* Objective — remediation
of residual NAPL beneath
street

* Two injections completed

 Reagents

» Nitrate — sulfide control and
ABOXx

o Sulfate - ABOx

Injection wells (x5)

IW-5 IW-4 IW-3 IW-2 IW-1
-e -”%__:E# L w""-'- - q,_\—-
NW=22 MW=OlR e ';
@/AS-1
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Downgradient Observations

Monitoring well across the

street, ~110 ft from
100,000 +—

injection well transect | -0-BTEX  =>=Naphthalene = =*=TPH-g -EI'-TPH-d
10,000 '\ :
Sulfate persists >200 mg/L E.\\ I
at 300 days following T 1000 L P\ =t
injection < ; Ll
— 70 day half-life S 100 T\ !
Qo
£ | |
. . O I\ " —o |
Nitrate is non-detect W1 v |
| |
1 +—1 |
o

T T T
o o o o o o
— < N~ o ™ O
N N N o™ ™ ™

Sulfide is stable at baseline 2 5 83 8 & 3
levels

180 ~
390

Elapsed Time (Days)

Reductions in petroleum
hydrocarbon concentrations
observed
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Conclusions

« Sulfate-based anaerobic bio-oxidation is a viable
technology for polishing petroleum hydrocarbon treatment

« Consider source strength and viable sulfate payload

Microbial lag phase for sulfate reduction

» Expectation — 30 to 60 days based on acid mine drainage (AMD)
experience

* Reality — less than 45 days

Sulfate effective half-lives

* Expectation — 40 days based on reported hydrocarbon MNA rates
and stoichiometry

* Reality — 10 to 20 days, based on observed sulfate decay
Enhanced dissolution — observed
Sulfate and sulfide control — confirmed
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