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UCMRS3: 1,4-Dioxane Contamination in Finished Drinking Water
US Public Water Systems, 2013-2015

1,4-Dioxane (pg/L)
® 0.07-0.34

Simmer et al., 2020
Data Source: EPA UCMR3
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“1,4-Dioxane in drinking water: emerging for 40 years
and Sti " u n reg u Iated” -McElroy, Hyman and Knappe, Current Opinion in Environmental

Science & Health, 2019

Groundwater cleanup
level/standard

Guidance/advisory/
screening levels

Drinking water health

standard/action level

Applied USEPA RSL at
. some sites for cleanup or

drinking water guidance

EPA HRL= 0.35 ppb

Source: ITRC

https://14d-1.itrcweb.org/regulatory-
framework/#2_2
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Common remediation strategies are costly

Advanced Oxidation Facility for Dioxane Treatment,
Arden Hills, MN

Advanced Oxidation Facility for Dioxane Treatment, Tucson, AZ
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Phytoremediation is a low cost, green
remediation technology for 1,4-dioxane mass
removal
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Water Environment
Federation
the water quality people”

Research Paper (3 Full Access

Phytoremediation of 1,4-Dioxane by Hybrid Poplar Trees

Evapotranspiratio

Eric W. Aitchison, Sara L. Kelley, Pedro J.J. Alvarez, Jerald L. Schnoor Metabolites

First published: 01 May 2000 | https://doi.org/10.2175/106143000X137536 | Citations: 72

“76 to 83% of the dioxane taken up by
poplars was transpired from leaf surfaces”
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| IOWA

Remediation/ Development

Treatment status
Technology GW VZSs

Monitored natural
attenuation
(includes physical,
chemical, and
biological
mechanisms)

Phytoremediation

In situ chemical
oxidation:

Sodium persulfate/
potassium persulfate

Effectiveness

May be effective at reducing 1,4-D
at lower starting concentrations
(e.g., <500 pg/L), depending on
the time available and relevant
attenuation mechanisms

Effective for a range of starting
concentrations (up to >2,500

ug/L)

Effective at oxidizing 1,4-D to <1
ug/L for high starting
concentrations (500 to >2,500
ug/L), depending on proper
design and implementation

Interstate Technology and
Regulatory Council, 2021
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Bioaugmented phytoremediation speeds
treatment of 1,4-dioxane
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Water Research

Wolume 35, lssue 16, November 2001, Pages 3791-3800

ELSEVIER

Biodegradation of 1,4-dioxane in planted and
unplanted soil: effect of bioaugmentation with

amycolata sp. CB1190 Evapotranspiratio
Sara L. Kelley !, Eric W. Aitchison *, Milind Deshpande 2, Jerald L. Schnoor ?, Metabolites
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Water Research

Wolume 35, lssue 16, November 2001, Pages 3791-3800

ELSEVIER

Biodegradation of 1,4-dioxane in planted and
unplanted soil: effect of bioaugmentation with
amycolata sp. CB1190

Limit of Detection: 1 mg/L
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s SERDP ER-2719

Science of the Total Environment 744 (2020) 140823

Contents lists available at ScienceDirect )
Science

Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Bioaugmenting the poplar rhizosphere to enhance treatment L) -
vapotranspiratio

Check for
updat

of 1,4-dioxane o

Reid Simmer **, Jacques Mathieu ®, Marcio L.B. da Silva®, Philip Lashmit¢, Sridhar Gopishetty ¢,
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Does Mycobacterium sp. PH-06 utilize root exudates
as a supplementary carbon source?

Can bioaugmentation with PH-06 remove 1,4-dioxane
faster than CB1190?

SCAN ME
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Root extract acted as auxiliary supplement for
CB1190
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Root extract did not increase growth of PH-06
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Sterile Glass
Rod Control

Trees +
CB1190

Trees only CB1190 only PH-06 only
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Poplar trees readily removed dioxane to LOQ
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Bioaugmenting trees with CB1190 accelerated
removal

Glass Rods
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Trees bioaugmented with Mycobacterium sp. PH-06 sped treatment
of 1,4-D to ~4 ug/L

1
) Glass Rods
Pa o O Trees
. 1 A Trees + CB1190
CB1190
—_ ; < Trees + PHO6
o 0.1 A A
8., 0 ¥ PHO6
& \' -+ L0Q (4 pg/L)
o
oo
S Y A
)
.’é 0.01- V v -
Q' A
< 1
- T Yy
. ‘
V.
= L \ [ )
0.001+ Y
L) |
A
................................................ e TR T PO P A Y SPPPPIIPPE
I el SCAN ME
0 5 10 15 20 25

Time (d) / REM
#RemTEC EMERGING CONTAMINANTS 23

SUMMIT




Trees + PH-06 outpaced all other treatments

Days to reach LOQ

Transpiration Rate

Treatment (4 ppb) Degradation Rate Constant (day) (mL day)
Trees Only 29 0.29 £0.013 32.81+2.53
CB1190 22 0.37+0.034 N/A
Trees + CB1190 19 0.34 £ 0.031 25.72 £9.64
PH-06 29 0.23 £ 0.015 N/A
Trees + PH-06 13 0.56 + 0.046 27.87 +3.50
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Bioaugmentation with CB1190 Removed ~79% of Initial 1,4-Dioxane

Cumualtive Fraction Dioxane Mass Removed
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Bioaugmentation with PHO6 Removed ~81% of Initial 1,4-Dioxane

Cumualtive Fraction Dioxane Mass Removed
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However, metabolic degraders have significant
Kinetic limitations

Amax K, Yield Siin
: (mg 1,4- :
Strain di (mg 1,4- (mg protein/ (ug 1,4- Reference
ioxane/mg : : :
) dioxane /L) mg dioxane) dioxane /L)
protein/day)

: Barajas-
Pseudonocardia 487.14 + :
dioxanivorans CB1190 1.65 + 0.05 6.32+0.22 | 0.45+0.09 173 452 Rodriguez et al.

(2018)
Mycobacterium 78.00 £
dioxanotrophicus PH-06 Not reported 10.00 0.16 Not reported He et al. (2018)
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Can novel metabolic dioxane-degrading strains
treat low-level 1,4-dioxane (<100 ug/L) to below
health advisory levels?

Do vitamin supplements enhance metabolism
of dioxane?
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pubs.acs.orgdjournalfestlcu Letter

Rapid Metabolism of 1,4-Dioxane to below Health Advisory Levels
by Thiamine-Amended Rhodococcus ruber Strain 219

Reid A. Simmer,* Patrick M. Richards, Jessica M. Ewald, Cory Schwarz, Marcio L. B. da Silva,
Jacques Mathieu, Pedro J. J. Alvarez, and Jerald L. Schnoor

OPEN ACCESS

Cite This: Environ. Sci. Technol. Lett. 2021, 8, 975-980 E Read Online
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Vitamin B1 (thiamine) supplements accelerate
growth in Rhodococcus ruber 219

Simmer et al., 2021
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Vitamin B1 (thiamine) supplements accelerate
growth in Rhodococcus ruber 219

Simmer et al., 2021
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1,4-Dioxane (mg/L)

A
()
3- 0
2_
)

1_

9¢ Sterile Control ®
o4 O R.ruber o

I I I I

0 100 200 300

Time (min)

OPEN ACCESS

Simmer et al., 2021
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R. ruber 219 repeatedly degraded ~100 pg/L dioxane to <0.35 pg/L

1,4-Dioxane -0.012
125+ -~ R. ruber 219 ODgqq
/ O
=1
5 100- { | /l . S
g \E s -0.008 §
) i
2 75 )
3
S o)
t 50- 3
<
< -0.004 2
3 .
. Zpem
O B8

00— ) : | - : : : ! - —0.000 -
0 3 6 9 OPEN ACCESS

Time (d) / REM
#RemTEC EMERGING CONTAMINANTS -

SUMMIT




Rhodococcus ruber 219’s Monod kinetics make
It a strong candidate for field-scale

Gmax K, Yield Spin
: (mg 1,4- :
Strain di (mg 1,4- (mg protein/ (ug 1,4- Reference
loxane/mg di : :
) loxane /L) mg dioxane) dioxane /L)
protein/day)

: Barajas-
Pseudonocardia 487.14 + :
dioxanivorans CB1190 1.65+ 0.05 6.32+0.22 | 0.45+0.09 173 452 Rodriguez et al.

(2018)
Mycobacterium 78.00
dioxanotrophicus PH-06 Not reported 10.00 0.16 Not reported He et al. (2018)
Rhodococcus ruber Simmer et al.
219 5.00+0.24 0.015+0.03 | 0.24 £0.02 0.49+1.16 (2021)

OPEN ACCESS

Simmer et al., 2021
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Can phytoremediation + bioaugmentation
with R. ruber 219 treat 1,4-dioxane-
contaminated water at the pilot scale?
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Can phytoremediation + bioaugmentation
with R. ruber 219 treat 1,4-dioxane-
contaminated water at the pilot scale?

ESTCP Demonstration at former Twin
Cities Army Ammunition Plant
(TCAAP)

Arden Hillc NNI

ER21-5096

L

AmTEC
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Each PhAGR
planted with both

/ hybrid poplar and

willow

Screened PVC
monitoring well

75-gal HDPE Container
filled with Perlite Mix

Bioaugmentation with
R. ruber
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Subsurface
Drip Irrigation

7/ I\ /1N /7 1N\ /7 1\

Composite

Sample Bottle
+-

Vitamin B1

Dosing Pump Low Water Table

Influent
Contaminated GW

In-Line Pump
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E/T 10 gpd

E/T 10 gpd (Zero Discharge)

E/T 10 gpd E/T 10 gpd

50 gpd

- -

40 gpd 30 gpd 20 gpd 10 gpd
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4x 300-gal IBC
Tote Reservoirs

}
}

REMIEC
#RemTEc EMERGING CONTAMINANTS 47

SUMMIT





















e Y










= Speras<
el S5 s

fea g

Agilent Technologies 5 Agilent Technologies l’r;;uovgc -
ystem

T7000C  GC/mS Tripie Quad




In-series phyto + bio system effectively treated influent dioxane for
9 weeks to as low 0.5 ug/L
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gPCR analyses suggest sustained R. ruber population over 9

weeks

—
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Bioaugmented phytoremediation effectively treated TCE to <0.2
Hg/L

!
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Bioaugmented phytoremediation effectively treated cDCE to <0.1
Hg/L

cDCE (pg/L)

0.4-

0.3-

0.2+

0.1-

0.0

_| MCL =70.0 pg/L (Above Range)

O Influent O Stage 3
A Stage 1 Stage 4

{ Stage 2

Simmer et al.,
Manuscript in
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Bioaugmented phytoremediation effectively treated 1,1,1-TCA <0.1
Hg/L

MCL = 200 pg/L (Above Range) O Influent O Stage 3
5- A Stage 1 Stage 4
{ Stage 2
3_ G—m /
1- 2
0 025
S~
=)
=
< 0.201
(&)
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0.104
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Minor vinyl chloride (<1.0 pg/L) formation observed In
effluent

O Influent O Stage 3
A Stage 1 Stage 4
<{ Stage 2

BN

(T v

Vinyl Chloride (pg/L)
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Major Takeaways

v'Phytoremediation system bioaugmented with R. ruber 219
capable of sustained remediation of dilute (<100 pg/L) 1,4-
dioxane to as low as 0.5 ug/L

v'R. ruber effluent thmA concentrations stable for 9 weeks,
highest in 15t treatment stage

v'Repeated bioaugmentation likely needed for best results

v'Poplar and willow capable of complete transpiration (zero
discharge), dioxane mass removal

v'Chlorinated solvents effectively treated to below MCLSs
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Next Steps

« Core sample DNA analysis

* Phytoforenics (uptake of dioxane and CVOCs by poplar + willow)
* Dioxane metabolite analyses

* Full-scale implementation?

SERDP ER23-3717: Optimizing Bioaugmentation with '] Sentinel
Rhodococcus ruber for Cost-Effective Bioremediation of | m
Dilute 1,4-Dioxane Plumes IDWA VGSI

* Develop and evaluate practical strategies to improve f SERDP
survival of R. ruber 2=
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Bioaugmented phytoremediation offers a cost
effective, green solution for 1,4-dioxane

New Brighton, MN
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THIAMINE METABOLISM
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(] Perlite Only Control
@ Perlite + Biochar Control
(0) Treesin Perlite
(O R. ruber 219 in Perlite / S
() Trees with R. ruber 219 in Perlite
() Trees with R. ruber 219 in Perlite + Biochar
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® TCAAP SC-7 Groundwater
407 A Treatment 1- Trees Only
Treatment 2- Perlite + R. ruber 219
¢ Treatment 3- Trees + R. ruber 219
35+ A Treatment 4- Trees + R. ruber 219
Treatment 5- Trees + R. ruber 219 + Biochar
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® TCAAP SC-7 Groundwater
1401 . A Treatment 1- Trees Only
3 Treatment 2- Perlite + R. ruber 219
¢ Treatment 3- Trees + R. ruber 219
120+ A Treatment 4- Trees + R. ruber 219
Treatment 5- Trees + R. ruber 219 + Biochar
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MCL =70 pg/L (Above Range Shown) ® TCAAP SC-7 Groundwater
124 A Treatment 1- Trees Only
Treatment 2- Perlite + R. ruber219
<© Treatment 3- Trees + R. ruber219
0 - A Treatment 4- Trees + R. ruber219
Treatment 5- Trees + R. ruber219 + Biochar
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MCL = 200 pg/L (Above Range Shown) ® TCAAP SC-7 Groundwater
A Treatment 1- Trees Only
; Treatment 2- Perlite + R. ruber 219
30 -0~ Treatment 3- Trees + R. ruber 219
i -~ Treatment 4- Trees + R. ruber 219
:I\ Treatment 5- Trees + R. ruber 219 + Biochar
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600 1+ Treatment 1- Trees Only
Treatment 2- Perlite + R. ruber 219
-0~ Treatment 3- Trees + R. ruber 219
5004 -O- Treatment 4- Trees + R. ruber 219
L Treatment 5- Trees + R. ruber 219 + Biochar
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Major Takeaways 2023

v'Bioaugmented phytoremediation with R. ruber 219 accelerates
treatment dioxane concentrations to as low as 0.18 pg/L

v'Sustained treatment (>50%) of dilute dioxane by R. ruber 219 for
>2 months

v Trees capable of complete transpiration (zero discharge), dioxane
mass removal

v'Root zone may provide R. ruber with vitamin B1

v'CVOCs effectively removed in all treatments, volatilization due to
pumping likely played an important role
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