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Basics of
@ Bioremediation

CARILIS

Electron Electron Waste
Donor Acceptor

Energy

Contaminant

56\0 (e.g. BTEX, Waste Products Energy
Vg} Benzene) (CO, and H,0)
Organic Substrate c _ Waste Products
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vegetable oil, H,) (e.g. PCE, TCE) (ethene, ethane, gy
° * €O, and H,0)
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Potential Contaminants

CARLJS®

Anaerobic

©
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@ When does Bioremediation Work?

CARILIS

Hydrogen Reservoir

Ideal Range for . .
~ -~

Dechlorination J Oz * 2H. — 2H20 Deha IObaCter ,o=
/ - a? g
Bl 2NOs +2H" +5H, > N, + 6H,0 Dehalospmllum
/ 2Fe+3+HL2Feq+2H+ Desulfitobacterium *
{ -F ¥ ) Desulfomonile IR )
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Low oxygen

. . SEM i b
nghly redUCIng (LOW ORP) DEr.l\/IIR;nk::ftePkaarian& Ethene
Moderate-to-Low Contaminant Concentrations Erory Univeraty

CARUS CORPORATION



¢

Reductive Dechlorination

TCE

—TCE

—\/C

e Ethene

Concentratoin (mass/vol)

Time -->

PCE TCE cis-DCE Ethene

e nH H — =

H, HCI H, HCI H2 HCI H2 HCI
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C What are CAP 18 and CAP 18 ME?

CARLJS®

CAP 18 and CAP 18 ME

CARUS CORPORATIO

Unemulsified olil products

Refined from natural vegetable oils

« Blend of triglycerides  —
Much longer lifetime ']

Lower cost
* Product — cost per unit of hydrogen production
e Injection/remobilization — single injection lasts years

CAP 18 ME formulated for accelerated onset of
dechlorination




Comparison to Emulsified

CCCCCC Products
o o
0 0
08%8000 QQ
Vegetable Oil CAP 18/
Emulsions CAP 18 ME

CARUS CORPORATION

40-60% vegetable oill
Tiny droplets
Higher surface area

e Consumed faster
Shorter lifetime
(months to 1-2 years)
Higher cost per pound of
active ingredient
Lower hydrogen yield
per Kg

100% vegetable oil blend
Large droplets
Lower surface area

« Consumed slower
Longer lifetime

(3-5 years or longer)
Lower cost per pound of
active ingredient
Higher hydrogen yield per
Kg




c Vegetable Oils Hydrolyze
CCCCC @ to Release Fatty Acids

Hydrolysis of volatile fatty acids (VFA)
occurs slowly, CAP18 provides long-term
VFA release

@Microbial

Utilization B-oxidation,
=)  Fermentation,

Other Processes

Triglyceride

@_ Glycerol HVdI‘OIys|s
// @t
SIOWer Step
CAP18

Fatty Acid
Methyl Ester
Faster onset . Microbial
iclagJlall Utilization B-oxidation,

> VSRR ) Fermentation,
Other Processes

CAP18 ME

CARUS CORPORATION

Fatty Acid
Methyl Ester




c Quantify Substrate Longevity —

CARLJS®

H, Release Potential

Substrate + Water - H, + Bicarbonate®) + Hydrogen ion®™

Ethyl Lactate:

C.H,,0,+12H,0 @12 +5HCO; +5H"
Sodium Lactate:

NaC,H.O, + 6H,0 2 +3HCO; + Na* +2H"

Ethanol:

C,H,0+5H,0 2 +2HCO; +2H"
Molasses:

C,H,,0,+25H,0 2 +12HCO; +12H"
Glycerol:

C,H,0, +6H,0 ,+3HCO; +3H"

Soybean Qil (Linoleic Acid):

C, Hy,0, +52H,0 2 +18HCO; +18H"

CARUS CORPORATION

For each mole
of ethyl lactate
fermented,
produce 12
moles of
hydrogen

For every mole
of soybean oil,
we produce 50
moles of
hydrogen



@ Hydrogen Release Potential

CARILIS

Using complete conversion to hydrogen cation, bicarbonate. and dihydrogen gas

H; (mol)
Percent per H, (g) per |H: (g) per jH; (g) per
Chemical Composition substrate | substrate product
Bioremediation Product | Formula | MW | (% by weight)' (mol)? (mol) (Ib)*
grams/mel |Substrate| Emulsifier | VWater -
Ethyl Lactate CeH 05 1182 98 -l 2 12 24.24 91.22
Sodium Lactate MNaC;H: 0, 1121 60 | 40 6 12,12 29.44
Ethanol C,HO 46.1 80 ~-| 20 6 12.12 95.47
Molasses C,,H; 0, 342.3 60 —-| 40 24 48.48 38.55
Glycerol CyH:O; 92.1 75 B - 7 14.14 52.24
CAP 18% Anaerobic R B o & o e
Bioremediation Product blend
Emulsified Vegetable Oil (60%) C,sH3,0; 280.5 60 10| 30 50 101 98.02
Emulsified Vegetable Oil (40%) CeH3. 04 280.5 40 10| 50 50 101 65.35
Emulsified Vegetable Qil (35%) +| C,gH3,0;4 280.5 35 20 101
10| 20 89.76
Ethyl Lactate (35%) C:H 05 1182 35 12 24.24

General formulations for competitor bioremediation products

Calculated from the reaction of substrate and water to bicarbonate hydrogen ion and hydrogen gas

*Calculated from % composition by weight)

CARUS CORPORATICQO




c “Footrace of Hydrogen”

Native microbes will deplete most easily reduced electron acceptors first
Added substrate must be sufficient to overcome background demand before
sulfate-reducing conditions occur and reductive dechlorination

Hydrogen Reservoir
Ideal Range for

Dechlorination I 0, + 2H, - 2H20

Spill Site

2NOj + 2H* + 5H, — N, + 6H,0

e ¥
5 2Fe*® + H, —» 2Fe*2 + 2H*
,Contaminated Zone ’

250,72+ 3H* + 8H, - H,S + HS" + 8H,0

\/

002 + 4H2 — CH4 + 2H20

l ] ] ] ]
100 10 1 0.1 0.01
Dissolved H, (nM)

Anaerobic Fe —» Fe A
Reaction MnO, —» Mn
Zone - -
Maganese-Reduction 0,—» H,0
Nitrate-Reduction

Aerobic Respiration
AFCEE - 2004
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c Significant Cost
Savings

CARLJS®

More hydrogen = longer lasting activity
The result is more cost savings SS

Hydrogen Yield from various bioremediation products
(8rams Fydrogen/ ind product) CAP18 results
in better
hydrogen
utilization
efficiency and
additional cost
savings

180

160

140

o
S

g

o
o

Hydrogen Yield

Emulsified CAP 18
Vegetable = Vegetable Oil
Oil (60%) Product

Emulsified

20 Sodium Ve
getable

Oil (40%)

CARUS CORPORATION



c Design Example 1:
CCCCCC Cascade (Grid Reactive Zone)

LLJ
O
0 |
)
-
w

Accounts for contaminant mass in agueous phase, but also
contaminant mass that is sorbed to soil

CARUS CORPORATI(




c Design Example 2:
CCCCCC Curtain (Repeating Barriers)

L
O
i
-]
O
%]

LA B AR R B R

GW=1 meter/year
>

« Accounts for contaminant mass in the aqueous phase
e Curtains designed to have an estimated lifetime of 3-5 years

CARUS CORPORATION




CAP 18 and CAP 18 ME Design

CARLJS®

Calculator

e Site Conditions
» Contaminated Area
» Depth
» Porosity

» Hydraulic Gradient/Conductivity

 Contaminant Properties
» Types
» Concentration
 Background Demand
» Oxygen
> Nitrate

» Reduced Metals (Fe, Mn)

» Anions (S04, NO3)
» Water Hardness

CARUS CORPORATION

£

Carus Remediation Technologies

CAP 18® and CAP 18 ME® Anaerobic Bioremediation Products

Estimation Spreadsheet
Input data inle boxes with blue fant.

SITE HAME: Holicay Dry Clearers
PREPARED BY: irput Your Name and Company Here

ahle macros prior io enbering sitn pammiers into ihe

1. Site Medel ! Treatment Area Volume
1.1. Treatment Aros Volums
Curiain Length (perpendicular o0 predominant groundwater fiow clireciion)
Thiciness of Treatmant Zono
Wiel Soacing

1.2 Traatmenr Aros Charecloristics

Soll Characioristcs
Mominal Soi Type (enter clay, sit, sify sand, sand, or graved)

Hydraulc Chamcieristics
Total Porosity {aocept delault or enter n)
Efedive Porcsty (accept dedaut or a,)
Hydraulc Conductisity (acoept dofauk or enier K]

Hydraulic Conductiefty Unks Conwersion =

Hydraulc Gradient {accept delault or entor 1]
GAP18% or CAP18 MEX Liespan [acoopt dolaul or entor Tal

¥
Rocommaondad Fedimos: fypicaly 3-5 yoars fov the drsf curdain, 1 pear for subsoquent cwrfains (500 insrucfions for mone dafad)

1.2 Caicwations

Soopape Velocky [V CLZ105 | Filday = TE.Bd |Fihr
Wéator Volume Fassing In Tme Tx (Wl 151,840 |cu. Ft = 1,135,842 |galiors

2. Hydrogen Demand Conconmation Mass Stoichicmetric Domand  Hyorogen Domand
1. Dissolved Condaminant Demand imgl] (bs} (wttwi Ho | {bs)
Tetrachioroethene (PCE) 1 171 .5 [+1]
Trichlorosfene (TCE] [ 0e T oo
cis-1, Z-Dichioroethene [OCE) OLOZEE %] [ 0.0
Wil Chiodde 1] oo [ oo
Carban Tetmdchionde a oo 5 =1}
1, 1=Trichlorootnane [TCA) [1] oo 0o
1, 1-Dichioroethane [C0A) 1] oo [=1+
Ferchicrate a [x1x] =1}
User-Supplied Eleciron Acceptor 1] oo 7] o
User-Supplied Electron Aoceptor [1] [l [1] [1]
2.2. Background Damand Goronmimation Mass  Siichiometro Domand  Hyorogen Domand
imgl] {bs} iwitwi H_ | {bs)
heygen 1.2 14 L] 14
Ptrate [N [ 123 0o
Margancse [1] [l .3 o
ran a [ 5.4 =1}
Subate 0.5 =1 ] 24
Yéator Hardness (as CaCOy | 4210 35 504.5 =X 5734
3. TOTAL CAF 18 OR CAP 18 ME DEMAND
Dissohved Contaminant Sioichiomotric Hydrogen Domand =
Background Stoichiometric Hydmgen Demand =
Total Stokchiometric Hydrogen Cemand =
Microbial Degradation Facior [recommend ) =
Dussign Contingency Factor (recomimend Sx) =
Total Hydrogon Domarnd = 425 Ibs H;
ICAP‘ 18 or CAP 18 ME Requirement = 62131 Ibs CAP 98 or CAP 18 ME ]

Software Version 2 (beta) & 20086 Carus Corporation

16



c Distribution of CAP 18 and

Water
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Microscopic view of entrapped oil in soil
Enbridgecasslake.com

L

Substrate Injection

viscous and
< interfacial
5= tension prevent
E
2> upward
= migration of
0> .
» the oil droplets
ERs

1 hour 12 hour 24 hour
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Burns &,
é CAP 18 Case Study @

CARILIS

. Former Clnderella Stlckel Dry Cleaners Manhattan, KS

Groundwater
contamination first
discovered in 1986

Baseline groundwater
sampling (July 2009)

» PCE 11,000 ug/L,
TCE 1,770 ug/L,
cDCE 700 ug/L,
and VC 957 ug/L

» Comingled plume
extends1200 m
east-northeast
towards the City of
Manhattan public
wells #12 and #13

CARUS CORPORATION



CAP18 Site Design Burns &
c Manhattan, KS

 Burns & McDonnell selected by Kansas Department of
Health and Environment to remediate sites with
enhanced anaerobic bioremediation

e Seepage velocity used in CAP 18 dosage calculations
with estimated velocity ranges for individual aquifer

depth intervals:

» 6-7.6 m bgs: 5.2 m/year (Shallow Unit-Fine-grained Clay)
» 10.7-13.7 m bgs: 29.6 m/year (Intermediate Unit-Silty Sand)
» 13.7-18.3 m bgs: 69.2 m/year (Deep Unit-Sandy Alluvium)

e Other design parameters:

» Average COC concentrations
» Background demand

CARUS CORPORATI(



CAP18 Site —
Manhattan, KS

Burns
McDon&;ltell

SINCE 1898

« Target

e ~6mbelow
BLUEMONT AVENUE
e ground surface
/ CINDERELLA
CLEANERS
\ MW-135/130
S SMWa TENW2 g  ARBYS (bgs)
PA?!EIY 4 [ BTENWe S TEMW-
Lot cAR & w W55 ; f k
- WASH TFMW-S,— GAS STATION . gm R Mw-14sr1eD ° TO p O e r O C
TRIANGLE i MW-125/12D
PARK 0G5
' (~ 18 m bgs)
/ VN Puwe TR
S
e e g \;\—mmwms
g STICKEL GLEANERS
£ MW-13S—
o MW13D |
i Mw-12s- | | e o=
Mw-8S
y ay-2 AR 2
g MW-8D . ‘ STEMW-7 [ Nw-1sD
z 1.0 i \ MW-14D _— s
z MORO STREET FORMER \ | w ——7 B e
E CINDERELLA \ P
i i LEANERS —__| X<
g MW-1 e —_ L o MW_15S
' <1.0
’ w-14s
Mw_5
704
MW-12D A A RS
LEGEND NOTES: 91.2 5 3
ENHANCED ANAEROBIC BIOREMEDIATION 1. KDHE ISL NUMBERS: C5.061-70762 (CNDERELLA), vy .
B 1) TReATMENT CURTANS C5-081-71238 (STICKEL). \ it RN MW-19S
©  SITEMONITORING WELL CLEANERS
E @ TANK FUND MONITORING WELL 0 a0 160 “ CLEANERS
ugl  MICROGRAMS PER LITER SCALE I FEET MANHATTAN, KS

CARUS CORPORATION



c CAP18 Site —
CCCCC @ Manhattan, KS e

Burns
MCDOI‘I&;IZGH

o July 2009, five CAP 18 distribution curtains
oriented perpendicular to groundwater flow

» Direct-push injection

» Each curtain spaced 5 meters apart and
spanned width of groundwater plume

» Total linear footage of 210 meters for 5 Injection Point
|njeCt|0n curtains A
MW-13S 1 Curtain
MW-1 3D —-\ \ Spacing
MW-12S \ | \ —_— Active
P MwW-8S \\\ \ \ MT\%A Treatment
?nc\)fvfeo | lI b 't T s Area
- 14D —_——

FORMER L \’ M
CINDERELLA 7
CLEANERS —__| : NG

MW-1 @ L MW-15S

<1.0 3

W-14S
MW-5
704
MW-12D ; ' MW-20D
o g 5.2 Volatile Fatty Acid
\ gi?CKEL MW-19S Reactive Zone
CLEANERS
v

CARUS CORPORATION



c CAP 18 Site —

e Manhattan, KS e
« Each point injected at 1.5 meter intervals with varying
CAP 18 injection volumes depending on seepage

velocity

 Amounts for each injection interval:
» 6-11 m bgs: approximately 4 liters per 1-1.5-m interval
» 11-14 m bgs: approximately 30 liters per 1-1.5-m interval
» 14-18 m bgs: approximately 132 liters per 1-1.5-m interval
» 18 m bgs represents top of bedrock in this area

e Approximately 1580 kg (636 liters) injected per point

e Total of ~ 37,500 liters of CAP 18 injected during the
field implementation

CARUS CORPORATIO




c CAP 18 Site —
CCCCCC Manhattan, KS

e Post-injection groundwater monitoring conducted on
semi-annual basis from 2009 through 2013

« Groundwater sampling conducted at eight monitoring
wells to provide performance assessment data

e Performance monitoring sampling included:
Temperature

pH

Specific conductivity

Oxidation-reduction potential (ORP)

Total organic carbon (TOC)

Dissolved oxygen

Volatile organic compounds (PCE, TCE, DCE, VC)
Methane/ethane/ethene

CARUS CORPORAT
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Down-Gradient urn
. . ll\g/choSnél%ll
Monitoring Well VOC Data

10,000 MW-8D 1,600
——PCE
9,
000 cis-1,2-DCE 1,400
8,000 ~B-TCE (secondary axis) 1200 — i :::— ‘:-4: .J-r—-w-'—v: -‘:Jl ]
— ! = — ! hey
% 7,000 c —— VC (secondary axis) E" "'\. _,.-"lF
2 o 1,000 = — 1B
= 6,000 5 ~—Ethene (secondary axis) o %
= 2 w WA TS
B 5000 £ 800 &
§ 4,000 = E v} A TR0
E ’ & 600 8 IIiI : ﬁ'fw ~ b PV - TS
o 3,000 (&) i d:_:I‘.II:AHI.::ILLH“-
400
2,000
1,000 200
0 \'2 0
o, %, % % G, 2. % %
2, “a, 2, %, %, %, “, 2,
3+ years of biodegradation activity MW-12D
16,000 250
* PCE and TCE concentrations increased to 9000 —-PCE
ug/L then decreased rapidly to a low of < 2.0 14,000 R
200
ug/L (September 2012) 12,000 - cDcE
c ——VC (secondary axis)
. . 10,000 g 150
* cis-1,2-DCE and VC increases as expected, due to| 2 e ey e 3
. . 2 8,000 =3 El
PCE and TCE dechlorination 5 % 5
: 3
E 6,000 % 100 %
* Ethene analysis began March 2011 8 4,000 8
50
. . 2,000
e  MW-8D ethene concentrations increased from
March 2011 through April 2012 confirming °. %, 2 o %, ,o 2 ;
. . /e/ ’/ /0/ /I/ "y - /// -y
complete dechlorination of targeted CVOCs 2 "o 2 % 2 2 Z 2

CARUS CORPORATION




Down-Gradient
Monitoring Well VOC Data

Burns
McDon%%ll

SINCE 1898

MW-20D
1600
~#-TCE (secondary axis)
1400 A\ <DCE
= ¥C (secondary axis)
1200 / —+—PCE
c s ~—Ethene (secondary
1000 2 / axis)
- i3]
E 9
= 800 £
] (4]
g o
S 600
g g
=
o
o
400
200
0
L) o, o, o o /, o,
lfe) €’/.r J’"J ’,’.9 N %v 4;’/
B, B, Z, Z, “ 7, 7.
<] <] (] (/] 7 7 G4

160

140

120

100

80

60

Concentrtion (ug/L)

3+ vears of biodegradation activity
e PCE and TCE concentrations
decreased following CAP 18 injection

* Followed by a spike during October
2011 sampling event

e Declining to consistently low levels

CARUS CORPORATION

BV -
AWV -1 30
1.0 e
s -l am
BAWVY L
y BV -
RV ik &
M'\.:.r A - ™ TF W T o MW-IED
| / W 14D o = — =
I PAE 148 g ) ]
INDERELLA % 4
ANERS S
-
X —— e
1.0
-1 S
AV
i
L]

%
| e VY200
\ 9 a3

[T e T

y Lra RV - 1DS

e ESTIHCKEL
CLEANERS

Cis-1,2-DCE concentrations
increased 600 to > 1400 ug/L,
followed by a continued and
gradual decline

Ethene detections continue to
confirm that complete
dechlorination is ongoing



Down-Gradient
pH and TOC Data

Burns
McDoréltell

SINCE 1898

TOC data provides information on
organic carbon transport in
groundwater downgradient of CAP 18
curtains

pH Values Following Application of CAP 18
8
—— 12D
~#-19D
200
73 8D
12D
19D
; g 200
7 B
P03
5 &5 -
x -
o
o]
6
<
O
5.5
5
2 & 2 L) = / K /
2 s %, e %, 2 %, %
2 2, 2 2
2 2 2, ), %, s, %,

Following small initial pH decreases
near neutral values ranging from 6.6 to
7 (September 2012)

Promotes sustained microbial activity

CARUS CORPORATION
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30

25

TOC (mg/L)
= =

Total Organic Carbon Concentrations following Application of CAP 18

-=-3D
12D

- 9D

—=20D

CAP |8 Injection




Burns
c MCDOI’I&;‘IIGH

Performance Assessment s

10000 - 100%
- 90%
- 80%

1000 e PCE

—_ X )4

- - 70%

E; removal
- 60% _ efficiencies
E 'g _g mm Baseline .

w 5100 - 50% ¢ (primary axis Fan g N g

oo C .= | le)

o0 S og scale 0
4 ¢ Cao & from 72%

6 3¢ mmm Reductions

w (primary axis to 100%

E - 30% log scale)

10 =% Reduction
- 20% (secondary
axis)
- 10%
| 0%
8s 8d |2s 12d |9s 19d 20d
Well ID
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c Completed Sites

CARLJS®

US:

O CAPIQ 42 sites
(March 2013)
°* CAP18

2z m European Remediation Technologies

CARUS CORPORATION



Burns
c McDon&;ltell

CCCCCC Conclusions ErTTE

e Significant VOC reductions 3+ years after single application

e TOC data indicates substrate still releasing

e Increased substrate utilization demonstrates high TOC
concentrations unnecessary to support reductive
dechlorination

e Large pH shift was not observed during the barrier lifetime,
despite degrading >12,000 ug/L of PCE and eliminates co-
Injection of costly buffers

e Complete anaerobic reductive dechlorination of PCE to ethene
with a single CAP 18 application almost 18 m from the curtains

CARUS CORPORATION




CARLJS®

Questions?

Friday 9:25-9:55 Shaughnessy
Field Application of Passive Treatment of Chlorinated Solvents using
Novel Sustained-Release Oxidant Technologies
Grant Walsom, XCG; Pamela Dugan Carus

CARUS CORPORATION




L Properties of
- CAP 18 and CAP 18 ME

Compound Interfacial Tension Specific Gravity
(dynes/cm)

CAP18 26.6° 0.93 g/mL
CAP18 ME 22.7A 0.93 g/mL
BTEX 12.3A 0.74 g/mL

AMeasured using DuNuoy Ring Tensiometer at NAPL-water interface

Polylactates 20,000
Sodium Lactate (60%) 100 @ 68F
CAP18 55.18
CAP18 ME 6.63"°
BTEX 0.4¢

BMeasured using Brookfield Viscometer at 10 s
¢”Remediation Hydraulics”, Payne, Quinnan, Potter, 2007

CARUS CORPORATION
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