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1,4-Dioxane Background

* Challenges —
— prevalence, physical and chemical properties

* high solubility, low volatility, and low sorptive capacity

* Aerobic metabolic and co-metabolic biodegradation well
understood

 Inhibition by groundwater co-contaminants
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1,4-Dioxane Biodegradation

1,4-Dioxane metabolic biodegradation Eo]

» 1,4-dioxane is used as a C-source Monoagenase

 After inital oxidation step, further metabolites, ring opening and [Oj/o” PN [O]{:H
formation of glyoxylic acid and oxalic acid (metabolite) 0 0

2-hydroxy-1,4-dioxane 2-hydroxyethoxyacetalde hyde

* End products < H,0 + CO,
* Preferred at concentrations >> 100 - 1,000 pg/L E)ofo o [Dfo

1,4-dioxane-2-one 2-hydroxyethoxyacetic acid

1,4-Dioxane cometabolic biodegradation \0\ m:/
» In the presence of propane/methane \__<_o
 Propane/methane-degrading bacteria can fortuitously degrade i
1,4-dioxane by propane/methane monooxygenases o\l oH
« First step by a different enzyme, degradation pathway remains thi Ho>_<0
same thereafter weic e
* Preferred at concentrations < 1,000 -100 pg/L J
Cco
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DXO-88 Bioaugmentation Culture

* Enriched from a bioreactor in 2015
« ~20% of population metabolic

also has co-metabolizers

 Degrades 1,000 mg/L to <20 ug/L 1,4-D
* Active between pH 4 and 9
* Performs well in treatability studies

— Both metabolically and cometabolically

D«;-88

150 ©

. Performance of 1,4-D culture at variable dosing v/v
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Advanced Tools to Assess 1,4-D Bioremediation

Genetic Tests: Assess if 1,4-D degraders are present/active

o Metabolic targets: dioxane monooxygenase
(dxmB)/aldehyde dehydrogenase (aldH) (e.g., Gene-
Trac®1,4-Dioxane) — gene expression assays tend to
correlate best to 1,4-D degradation

o Cometabolic targets — alkane gas MOs (e.g., propane
[PMO]/methane monooxygenases [MMO])

Dizcharge
‘_

® Effluent

. . Aerated, 1,4-dioxane
13C/?H methods used to confirm 1,4-D degradation processes

h

Site Water )
Bioaugment

Influent Reservoir

E
Compound Specific Isotope Analysis (CSIA): J

Biotreatability Studies: microcosm and column study methods
confirm remediation strategies under simulated site-conditions pump =

@ Influent

a
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Site Background

« Groundwater hydraulic containment at chemical industrial site in Germany

« Treatment via on-site water treatment plant with discharge into mixed sewer
system
« Target constituents include mixture of monoaromatic compounds

CHs . i
BTEX () @ @Ai@i @ @] /[lm HCI]

o 2,6-Dimethylmorpholin
1,4-Dioxane E j
0

NH,
NH> NH,
Cl
Cl Cl Cl Cl
Chlorinated @ @’CI @\ cl Cl
benzenes Cl 2-Chloroaniline 3-Chloroaniline 4-Chloroaniline
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Water Treatment Plant - Process Diagram

Significant biological removal of most contaminants by

natural mixed community (SPY), but not 1,4-Dioxane }=
Groundwater field parameters: pH (7-8), i
Temperature (15-20°C), EC (700-800 uS/cm), R
DO (3-6 mg/L), redox (150-200 mV) —
groundwater

o . Varlage mit
© “hasg nnnnnnn dung
AS FB1-3
Inflow,
extraction wells
5

A bl +

discharge rumassotas

ASTING SOLUTIONS



== SIREM

OBJECTIVES



Study

Objectives
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1)

2)

3)

Evaluate incorporating 1,4-dioxane
biodegradation into an existing on-site
mixed biological-physical-chemical water
treatment unit to treat a complex mixture of
organic groundwater contaminants
(monoaromatic hydrocarbons)

Improve current knowledge of mixed
natural community (SPY) in the bioreactor
(key players and their function)

Evaluate the potential of the mixed natural
community (SPY) + DXO-88™ to
biodegrade monoaromatic hydrocarbon
mix at “low/high” concentration ranges
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1,4-Dioxane Treatability Tests

Treatability Tests

effluent water
(just 1,4-Dioxane)

1. Phase: Preliminary Test v/

\Z

2. Phase: Batch tests multiple
treatments (v)

\Z

3. Phase: Column test

influent water / blended water (influent + hotspot)

< 7 | Variant water 1,4-Dioxane |other contaminants (partially spiked) Description N
control . autoc laved; treated with HgCl and
v 1| Il sterile contraol TRl influent water Mahb (Matriumezide) 2
E I . bioaug. BTEX (100-1.000 pgL) CB (500 pyy,  [Piostimulated with ©; und
valu atIO n DCB (100 pg/Ly; 2,6 DMM (1,500 pily;  [Propane; Bisaugrmented with
| rifl v bioacume rted ~TOp L 400-2 000 Dxo-aa™
hlended wiater control 300 - blended water autoclaved; treated with HaCk and
3| (Irflow+T3.1) gerile control 400poL Mahh (Matriurrazide) 2
P I ann | n Of rem ed ia | blended water Inflos Y TP BTEX (100-3.000 py'L) CB (700 poyly,  [biosimulated with Oz and later
g (I rflo+T 313 bioaug. | revw+ Hatspot 300 - DCB {150 pafLy; 2,6 DMM (8,000 prly:  |with Propane; Binaugmented with
4| bioagumented T3l (5:1) A0ougrL CA (400-4.000 py'Ly Exoaa“' 7

measures for Hotspot T3.1
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Monoaromatics and 1,4-Dioxane Treatability Test Results

1) Influent sterile-control (1,4-D ~70 pg/L) 2) Inflow bioaugmented (1,4-D ~ 70 pg/L)
1,800 1,800
ER g Successful degradation
< | § 1400
§ 1400 o ——. - P _of mos_t substancg.s,
5 o — g including chloranilines
g g ' \ and 2,6-DMM (not
2 s E 800 \ shOWn)
B o chlorobenzene E oo
g I~ T é 400 \
§ e g N\
E 200 Im E g
0 - ° 0 20 40 60 80 100 0
0 20 40 Time (Dsac; o 80 100 120 Time (Days) LI m |ted
i biodegradation of
3) Blended sterile control (1,4-D 300-400 pg/L 4) Blended bioaugmented (1,4-D 300-400 pg/L) :
) (1, Hg/L) 1,2-Dichlorobenzene
3,500 N 3,500
4 === Benzene _ i
% 3,000 benzene el EB $ 3000 ;
, =—4=1,2-DCB g i
2,500 £ 2 ; =Di
Toluene : \ : / 1,_4 Dloxane_
g a0 p.m-Xylene E 2,000 \ : / biodegradation
2 Lo —&—1,3-DCB T L i exclusively
3 _ 5 \ i / cometabolic
2 0o ¢==14-Dioxane 2 !
chlorobenzene e CB g \ i /
f_ 500 — =—0-Xylene § w0 AN :
S : —— | =—14DCB M
0 0 20 40 60 80 100 120 140 160 0 0 20 40 60 80 100 120 140 160
Time (Days) Time (Days)
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1,4-Dioxane Treatability Test Results

1,4-Dioxane Biodegradation

450 ; * 1,4-Dioxane degradation with
e ' inflow water (70 pg/L 1,4-
400 — — A Dioxane) occurs co-
= metabolicall
3 350 y
< . * 1,4-Dioxane degradation with
o -~ Duplicate 1 ’
g blended water (300-400 pg/L
8 o5 1,4-Dioxane) is possible co-
(%]
5 ; metabolically (after propane
‘é 200 i A addition); metabolic not
g : srase observed
g 150 ; -
: 4) Blended b ted . . .
= 1) Influent sterile control (1,4-D ~70 pg/L}) “...‘ (1) 4-8n30%-40|§ag7[r)1in092 * 1,4-Dioxane biodegradation
100 : L Hg occurs more slowly than for
e : e ) the other compounds
50 o —d "...‘_‘ Duplicate 2
\.\+ i - '\\\. — . . .
0 . . . . i . . . Acclimatization
0 20 40 60 80 100 120 140 160 of DXO-88
‘ ] Time (Days) L » 4) Propane first added
2) Influent bioagumented after 100 days » Compartimentalization

1,4-D~70 ug/lL) + 02 + P
( Hg/L) ropane of degradation processes
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gPCR gene quantification

Baseline water for microcosms set up (effluent — Phase 1) (influent and T3.1 — Phase Il)

Baseline water sampled New WTP New WTP Hotspot
Inflow (cop/L) |Outflow (cop/L)| T3.4 (cop/L) | ° Noevidence for 1,4-dioxane
metabolic Dioxane Monooxygenase (dxmB) 3,00+E03 3,00+E03 3,00+E03 biodegradation at the site
metabolic Aldehyde Dehydrogenase (ALDH) 5,00+E03 3,00+E03 3,00+E03 (influent and T3.1 water)
cometabolic  |Particulate Methane Monooxygenase (PMMO) 3,28E+03 (-) 3,28E+03 .
cometabolic  |Propane Monooxygenase (PMO) 2,36+E04 (-) 4,33+E04 * Also no evidence for effluent
Total bacteria |Total Prokaryotes (PROK) 3,30+E09 2,18+E10 water as expected

Phase Il bioagumented microcosms (influent and blended)

Treatments Inflow Inflow Blended Blended . No presence of 1,4-dioxane
bioaug. (cop/L) | bioaug. (cop/L) | bioag. (cop/L)|bioag. (cop/L) genes for metabolic
initial final initial final .
metabolic Dioxane Monhooxygenase (dxmB) 6,92+E04 2,18+E04 1,35+E05 4,37+E04 degradatlon
metabolic Aldehyde Dehydrogenase (ALDH) 6,38+E04 2,18+E04 1,37+E05 437+E04 . .
cometabolic  |Particulate Methane Monooxygenase (PMMO) 218+E04 2.18+E04 4,37+E04 437+E04 * Bioaugmented microcosms
cometabolic  |Propane Monooxygenase (PMO) 1,82+E07 2,26+E05 2,46+E07 5,27+E04 show only co-metabolic

degradation biomarkers
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NGS Sequencing Data - baseline (site) water

» Effluent representative of
enrichment in sand filter

Figure 7: Next Generation Sequencing (Burkholderia, Methylonetera
Top 16 Microorganisms in TAUW Site Groundwater and Woesearchaiea)
100% _ _  —
90% * Influent and T3.1 (Hotspot)
a0%% omner show different community
. . . W Bacteria
Galionella — (microaerophile,
. . 70% Prolixibacteraceae
S- and Fe-oxidation)
B0% W Gallionella
B Geobacter
Methanoregula — 50% — - Methanomata Geobact b
(Archaea, methanogen) E— eopacter — (an_aero e
40% _. mWoesearchaeia dechlorinating microorganism, but
30% Woesearchaeia nOt CB or DCB)
. . - (mlcroaerophlle’ W Methylotenera Methanosaeta — (Archaea,
S-ox@ahon, Perchlorate - 20% - ethanoreauls methanogen)
reduction, catechol degradation)
10% Arcobacter
_ m Burkholderiaceae
; 0%
BurkhOIderla - (knOVYn tO Influent Effluent Tan
degrade monoaromatics, — : ]
polyciclic aromatics and
heterocycles) Woeserarchaeia — (salt tolerant
Archae found in BTEX
Methylonetera — (known to use contaminated groundwater —
methylated amines as N source, but mutualistic interactions with BETX

also as C source (methylotrophs)) degrading communities)



NGS - microbial community structure - microcosm results

Baseline
water

T3.1

Microcosms

Bioaug.
Influent

Initial

Bioaug.
Blended

Initial

Percentage

40

Taxonomic Designation

Asholaplasma_33 -

Burkholdenaceas_3
Desulfabacta_37 4
Desulfabacta_40

Dasulfobulbacean_35 -

Goobacter_8
Hyphomicrobium_36 <
Kiritimatiellaceas_51 4

Kiritirmatisfas_15 |
Mathylotenera_138 -
Mycabaatarium_31 <

amaltraphicaeata_10
Qrmnitraphicaeata_24 |
Amnitrophicescts_32 -
amnitraphicaeata_55

Phycisphasrales_43 4
Prolisibacteraceas_12 -
Rhizobiales_28 -
Rhodocyclacean_16 -
Rhododeray_88
Rikenellaceas_11 -
Rikenellaceas_45 -
Sediminibactarium_15 4
Sidercoydans_5 5
Smithella_25 -
Spirachastacean_26 -
Sulfuricuryum_17 -
Synirophus_27

T 152 4

Woessarchesia_§5 -

Zoagleea_30

96

T4

L)
161
= 84
2
22
75
17
56
248
2%
2414
1
=
13
"
1
"
2
-
95
43
1
18
6
27

12
137

49
15

6.6

54

™
1

B8
18
18

26
12

232

33
13

24

5.g
53

* Microbial community composition of baseline water not well-
reflected in initial composition of the bioaugmented
microcosms (imprint DXO-88)

* Very similar initial composition of bioaugmented microcosms
(imprint DXO-88)

« Significant and similar shift in microbial community structure
from initial to final sampling event for bioaugmented microcosms
(loss of DXO-88 imprint and raise of )

Initial
OTU2 Beijerinkiacea (15%)
OTU3 Burkholderiaceae (3%)
OTU 8 Desulfuromonadales (6%)
OTU 7 Elusimicrobia (6%)
OTU 14 Firmicutes (4%)
OTU 11 Rickenellaceae (5 %)
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Conclusions
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The Preliminary Test — Phase 1 — (no co-contaminants)
identified that cometabolism should be considered in the
Biotreatability Study at 1,4-Dioxane <100ug/L

The Biotreatability Test — Phase 2 — (co-contaminants)
indicated that 1,4-Dioxane removal was only possible
cometabolically at both 300-400 ug/L and <100ug/L

. potential for bioaugmentation with DXO-88™ and
propane in presence of other Site contaminants may
not be inhibitory to their degradation

Complete biodegradation of co-contaminants by the
natural mixed community (SPY) is possible (exception 1,2-
dichlorobenzene)

. with main biodegrader in mixed community likely
Burkholderia OTU

Spatial separation of biodegrading activities by DXO-88TM
and SPY may be necessary if 1,4-Dioxane biodegradation
occurs co-metabolically
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» Enrich and characterize "Bioreactor-
WTP" SPY culture for degradation
potential for BTEX, chlorobenzene,
dichlorobenzenes, chloroanilines and
2,6-dimethymorpholine

AW » Implement a 2-stage column test
Next Steps P > 1st stage - SPY culture
» 2nd stage - DXO-88 culture

» Incorporate 1,4-dioxane degradation
process in the WTP

» subsequent connection of a gravel
filter downstream of the AK filters

» with possible addition of

propane/methane and enrichment of
the DX0O-88 mixed culture)
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