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a® Why Go Anaerobic for BTEX?

Hydrocarbon sites often anaerobic

High organic loading consumes O,
Adding O, is hard!

Anaerobic e acceptors (NO,/SO,/CO,)
often already present in subsurface

more soluble, easier to apply compared to O,
(e.qg., sulfate)

* Viable in situ remediation option for deep

contamination

Anaerobic Anaerobic source Zone

PLUME

low Direction



What Limits BTEX Biodegradation?

Hydrocarbon Properties? x
— BTEX Is susceptible to biodegradation

Environmental Conditions? unlikely

— Biodegradation occurs under all major electron- el
accepting conditions (O,, Fe3*, NO,, SO,#, CO,) BIODEGRADATION

— Nutrients are recycled over time

— pPH, °C, co-contaminants may | degradation rates
Microorganisms? '7

— BTEX degraders are ubiquitous in nature...

— ...but they aren’t always in sufficient quantities

SIREM

Hydrocarbon properties




How Can We Reliably Increase Concentrations of
BTEX Degraders?

Add additional

Add nutrients
BTEX degraders

Natural Attenuation Biostimulation @oaugmentatioD

unsaturated (vadose) zone

saturated zone

GW flow

SIREM



Project Goal & Success Criteria

In field trials, demonstrate the efficacy of anaerobic bioaugmentation cultures to
treat BTEX-contaminated groundwater

1. Groundwater BTEX concentrations must decrease post-
bioaugmentation, relative to untreated (control) wells;

2. BTEX loss/depletion should be sustained over the posttreatment
monitoring period (years!); and,

3. Enrichment of bioaugmented organisms (ORM2, etc.) should be
evident over time.

SIREM



Multiple transfers into sediment-free,
minimal media

t Culture volume doubling
\ Transfer from glass to stainless steel vessels

DGG(B)

| 50% v/v split

Toth et al. 2021 (Environ Sci Technol 55)
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First “Aha!” Moment:

Anaerobic Benzene
Degraders Belong to
Distinct Clades

* gPCR primers were
later designed to
capture two clades of
Interest — ORM2 and
Thermincola

Ulrich and Edwards 2003 (Environ Microbiol 5)
Luo et al. 2016 (Environ Microbiol 18)

Toth et al. 2021 (Environ Sci Technol 55)

Toth et al. (data in preparation)
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gPCR Target (copies/mL)

Second “Aha!” Moment: Anaerobic Benzene
Degradation is a Number’s Game

Key microbes are often present at contaminated sites but often in low abundances

w K w
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B ORM2 (Ca. Benzovorax)
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20+ experiments (microcosms & column studies) have supported that bioaugmentation
can be effective for anaerobic treatment of benzene.
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3rd “Ahal!” Moment: Teamwork Makes the Dream Work

Co-contaminant treatment can improve the likelihood of benzene remediation success

Inoculated with DGG-B (n = 1)
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* The key microbes in
each culture include
one hydrocarbon
fermenter and 2
methanogens

« Key microbes &
functional genes are
monitored by gPCR
and NGS

 Metagenomes have
been sequenced
and reconstructed
genomes are being
analyzed

SIREM
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“Syntrophs” help
metabolize
fermentation
Intermediates

“Recyclers”
transform dead
biomass (proteins,
carbohydrates, etc.)
back into useful
culture nutrients
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sm DGG-Plus Bioaugmentation Cultures
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Degr’ rate = ~ 9 mg/L/day
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Benzene Degradation Rate (mg/L/day)

In DGG-B, rates of benzene degradation correlate with conc. of ORM2.

Growth of methanogens, syntrophs & recyclers is also needed to sustain degradation.
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DGG Plus: fast, complete & reproducible BTX depletion.
Degradation order: toluene > o-xylene > benzene.

Inoculated with DGG-T
(n=2)

Inoculated with DGG-X

(n=3)

Inoculated with DGG-BTX

(n=1)

|
I« Inoculated on day 7
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| Upcoming Field Pilot at CFB Borden

* Pilot consists of a gated system supplied with BTEX and includes 2
test lanes
»Lane 1 will be injected with DGG-BTX (enhanced BTX degradation expected)
»Lane 2 will only receive DGG-T (only toluene degradation expected)
»Ethylbenzene = negative control (no enhanced degradation expected)

Bioaugmentation

continuous release Zone I
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== SK Site Bioaugmentation

//‘F”*—’f Ry '$ g’q
: - it O\ e e
* Former gas station with 47 Py
BTEX, F1 and F2 <A \
contamination

Various remediation
approaches 1993-2008

» 2019 benzene sitill ,
(<0.01-20 mg/L) !/

« DGG-B™ njected at 2
points (10 L each, near NW .
corner of property TS

« A control well injected with \-\ i

heat-killed DGG-B™

B LNAPL



Benzene Reductions at SK Site

Wells Nearby Control Injection (n=3) Wells Nearby DGG-B Injection (n = 8)
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==Ca. Benzovorax vs Benzene in Cores from SK site
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-1 US Field Pilot

« Chemical manufacturing site,
groundwater contaminated with
chlorinated ethanes, ethenes and
TEX

> Green = exceeds drinking water limits
> Blue = exceeds residential vapor limits
» Yellow = exceeds industrial vapor limits

* In Sept 2020, a blend of KB-1® Plus
and DGG Plus was injected at 3
points (*) near the center of the
plume core

 Fall 2022 — full-scale
bioaugmentation proceeded

== SIREM




CHLORINATED ETHENES & ETHANES TOLUENE & XYLENE
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DGG Plus Culture Field Testing Overview

Treatability Testing Field Pilots
Culture(s)
Tested Successful Bioaug’? Start Date \(/:(;Jlllilrjrzg Successful Bioaug’?

Site
Reference

Target
Substrate(s)

Louisiana Benzene DGG-B Oct-19 60 L Site not recently sampled
FCL-4 (SK) Benzene DGG-B Yes Nov-19 10 L Positive results
Yes, only when combined 145 L : ..
New Jersey Benzene DGG-B with SO, Apr-20 (+S0,2) Client reported positive results
Sept-20 3-6L Yes, for KB-1 & DGG-T,
_ T'_EX’ DGG-BTX (pilot) each DGG-X under evaluation
Mid-east US  chlorinated a -
compounds A Aug-22 ~100L Results pendin
(full scale) each P g
ontario TEX, F1-F2 DGG-TX Yes Sept-22 10 L Results pending
alkanes each
British Xylene DGG-X . Jan23  60L Results pending
Columbia®
Borden (ON) BTX DGG-BTX Yes Spring-23 TBD
lllinois BTX DGG-BTX -- Spring-23 20L



Requlatory Considerations Before Field Testin
88
| New Substance Notification (NSN) approved in 2022

- . - Rew. Mo 1
Date: 25 April 2019
e Dl D 3 DGG-B™
Disposal of Ciean Vessel Sterilize &
Cpmemenaer (0P #003) Discurd Mesia SAFETY DATA SHEET Benzene
ol Unknown
l e © Ca. Micrarchaeia (ASV 47)
1. CHEMICAL IDENTIFICATION AND COMPANY INFORMATION = .
Sterize Vessel (S0P 2 067) Product Name: DGGB 2
Media Production (S0P 2012) Company Info: SIREM ~ ¥
130 Stone Rd. W., Guelph, Ontario, Canada, N1G 322 S Benzoyl-CoA
Phone: 519-822-2265 ~ o Syntrophs
Toll Free, North America: 1-866-251-1747
Fax: 888.635-3470 Benzene Fermenter ™| &O0A el b
www siremiab com °°'{§EL°“SZ?,§:,’!Z§ZZ‘Z‘.:§ ;:Aosr:l M2£)19) Sulfurospirillum (ASV 32)
(S0P 059) i - 8
el Emergency Phone Number: 519-822-2265 (for 24/7 assistance, contact poison center hotine s‘jf,‘;f::;f,'s':fs\(f; 7;1)]
pass in your jurisdiction). Desulfobacca (ASV 37, 91)
Description: Microbial inoculum (non-pathogenic, non-hazardous) in growth Synergistaceae (ASV 43)
N media consisting of a dilute aqueous solution of mineral salts and Syntrophus (ASV 34, 51, 92)
Innocate Vessel {SOP 7 010) nutrients, - Pelolinea (ASV 52, 70)
Recommendsad Use: i iiation of i Fatty Acids, Anaerolineaceae (ASV 57, 58)
: - /| Aicohols Desulfomonile (ASV 67)
Restrictions on Use: DGG-B product intended for laberatory research and field c (ASV 78)
Fotcion 0 e Sppaters fr e of e vy =T B it
yntrophaceae 5)
+VOCs/DHEs (S0P #072) therapsutics, cosmetics, agricultural or pesticide products, food ¥ ¢
- pH (50P2070) | weskt additives, or as household chemicals. \ H,, Acetate, C; 0.2XAbconc. 1XAbconc. 5XAb conc
Recyclers Compounds Methanogenic Archaea
Tall | - oPCR (s0P2057) | quartery g
| 2. HAZARDS IDENTIFICATION Spirochaetaceae (ASV 20, 40) Methanosaeta (ASV 1, 6, 16, 31, 44)
+Paogens  extemallab | gy GHS Classification: Mot classified as *hazardous” per OSHA 29 CFR 1910.1200, “Hazard Ca. Omnitrophica (ASV 25, 27, 39, 87) Methanoregula (ASV 13, 14, 45)
- NGS extemal lab Communication® Ca. Nealsonbacteria (ASV 30, 88) CH.. CO. (ASV 65)
N i Mesotoga (ASV 49) | 4 CO, | jales (ASV 50)
- GHS Label elements, including hazard and precautionary statements: Not Applicable. Thiomomes (ASV 89) ekl e
HMIS Health Flammability Physical Hazard | Personal Protection Ca. Marinimicrobia (ASV 69)
NFPA i ot DR Special Hazard Figure B.1-3: Proposed working model for i ism by DGG-
Rating: 1 [} [i] WA g™
*B = Safety Glasses, Gloves.
N Areview of available data indicates minimal potential for health effects related to normal use of this product.
5“;':5;‘;:.‘::;:‘/3&”“ Microbial components are non-pathogenic. The product is not expacted to be a health hazard as a result
of inhalation of mists, ingestion or skin contact. Eye contact may result in mild iritation/redness. Normal a) DGG-B LV1 b) DGG-B Lv2 c) DGG-B Lv4
[ B smnivihime i s . 2013 hygiene precautions should be observed, including eye protection, skin protection, and hand washing. The 0
T omec- camaied morocaroon isms S| REM p— potential exists for individuals with hypersensitivity to biological materials to exhibit allergic sensitivity to [T | OMetancoactsrum (Asves)
E - biological components of this product (see Section 4, *First Aid Measures”). . 0 B Cancidatus Micrarchasia (ASVAT)
% :: OMethancregula (ASV4S)
t > RO
E 50 BMsthancragula (ASV13)
T sV
Average Taxonomic Distribution of DGG-B™ g w Butehanceac (Ao
g 3 DMethanosaeta (ASV31)
(201 8- 2020) :! 2 DMathancsaeta (ASV16)
Sva0485 Clad: 10 @Methancsaeta (ASVE)
Vi lade
Deltaprot i o mlethanceaeta (ASVT) Gentamicin
A sv'°1b‘9 o ‘5}\% @gﬁk}(ﬁ S e &
R d RS
(2.3%) s e*%’*’:é"g%“ PPl S S e g &
0 o0 100 Pelalnes (ASVED)
% % el 8 Syntrophus (ASVE1)
® g 80 8
-3 o o @ Synergistaceas (ASV43) Tetracycline/
Sva0485 Clade 3 ©Candidaius Nealsonbacteria (ASV30) Gentamicin
Deltaproteobacteria Z® 80 = Desulfobaces (ASV3T)
= 50
(:f;lf) ® i‘g z o B Candidatus Ommitrophica (ASV3S)
9% g © » » ®Candidatus Omitrophica (ASV27)
8 s 0 mCandidatus Omnitrophica (AS\25)
= 10 10 10 W Deitaprotectactenia Gva040s (AGY18)
o o o m Deltaprotenbacteria Syaldds (ASV2)
Methanosaeta T A I T R
(B P (B 3 {55 B B B> o (> &
asve FEHETGGIRAT SIS
ASV 14 ASV 16 : Sampling Date
A (2.5%) 5 ; P
(3.9%) Figure B.1-4: Time course 165 rRNA gene amplicon sequencing demonstrating the stability ofmajor archaeal and B i7s 61231 DY s mie Elittotoh Ead eeateteant TR A
Figure B.1-1: Taxonomic distribution of dominant ASVs (> 2% average relative bacterial ASVs in DGG-B ™ (2018 — 2020)

Contents of biceugmentstion field injection kit, includes vessel in over pack, hose, regulstor, scaie
fittings and miscelianeous tools

abundance) in DGG-B™.



o Regulatory Approvals for DGG-Plus Culture

Successful New Substances Notification

Fall 2022 DGG-Plus on
Domestic Substances List NOTIFICATION REGULATIONS

. (ORGANISMS)
Federal Approval in Canada

NEW SUBSTANCES

Ontario Mobile ECA now list DGG-Plus Culture  Ontario @

Culture applications performed in Ontario,
Saskatchewan and British Columbia and 3 US States

== SIREM
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Take Home Message

* Microbes responsible for anaerobic PHC degradation are
specialists;

— Ca. Benzovorax are uniquely adapted to benzene.
— Desulfosporosinus are adapted to toluene

— Peptococcaceae are adapted to o-xylene

* Increasing abundances of these specialists is important to
Increase rates

* Pre- or co-treatment of non-targeted compounds may be
necessary.

SIREM



Questions?
siremlab.com

Sandra Dworatzek

Principal Scientist
sdworatzek@siremlab.com
519-515-0839




