Sneller en goedkoper saneren van
ga vervuilde bodems

met behulp van
Dehalococcoides ethenogenes

Thin-section electron micrographs showing
coccoid and elongated cells

Photos courtesy of Dr. Steve Zinder, Comell Umversity
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33 Chloorvreters opjutten

Door: poly-lactaat als slurry aan de vervuilde grond toe te
voegen!!!

Volgens het Chemisch Weekblad artikel zouden na jaren
Inwerking door bacterién op poly-lactaat eerst waterstof
vrij komen en daarna lactaat, waarmee Dehalococcoides
de chloorverbindingen af zou breken.

Lactaat, waterstof, de tijd en Dehalococcoides zouden dan
de vervuilde bodems selectief schoon maken was de
boodschap.



Chloorvreters opjutten

PTS staat voor PER en TRI Saneringen.

Een milieu-firma in Coevorden die binnenkort ook
met mijn methode in Nederland aan de slag zal gaan.

Mijn naam is dr G.J.J. Beukeveld,

0.a. ultvinder en staatshouder.
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& Ontchloren met bacterién?

Anaerobic microbial reductive dechlorination

PCE TCE DCE VC ETH
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Dehalobacter, Dehalospirillum, Dehalococcoides

Desulfitobacterium, Desulfomonile,

Desulfuromonas, Enterobacter )
sSpecCles.

D. ethenogenes 195
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FL2

VS

CcCBDB1

He et al.. Nature. 2003



a Ontchloren door de bacterie te
@) vertroetelen

Dosulferomonas 8p. Strain BRS1 |
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33 Anaérobe Biostimulatie

Anaerobic Bioaugmentation

* Dehalococcoides sp. (DHC) are
microorganisms capable of
compietely dechlorinating PCE
and TCE to the innocuous
product ethene via
halorespiration

* Notably, DCE and VC

* DHC are naturally-occurming,
non-pathogenic
microorganisms.
* Naturally occurring, non- -
pathogenic bacterium Poches of BAV1 - coummsy of O, Fraek Lol

Biostimulatie omstandigheden aanpassen zodat bacteriegroei ontstaat
Bioaugmentatie bacterién toevoegen zodat extra omzetting ontstaat

Bioremediatie biosysteem herstellen, verbeteren



ea Ademhaling van onze bacterie
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Alle 20 aminozuren worden gemaakt
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Ademhaling Dehalococcoides

S

| OXIDATIVE PHOSPHORYLATION |

Camplex 1 Complex 11 Complex 111 Complex 1V Complex V
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Synthese van ATP
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Maakt DNA zelf

S

| PURINE METABOLISM |

Pentose phosphate pathway ¥y —— ——————— " Glutamate me tabolism

| L-Glotamine

: ) 1-(5"Phosphoribosyl)- 1-{5“Phosphoribosyl)-
Ribose-SP 0 [ Rlbosyleminé-  aan N-formylglycinamide FOAM S-aminoimidazole (AIR)
D-Ribose-1P Q| 5427 |—O— 2.76.1 —\-|2.4A2.14 —[63413—w>0—] 2122 ————t=
L r& SP-Ribosyl-4-
6.34.7 (N-succinocarboxamide)-
s -S-aminoimidazole dIDP AITP dIMP
ADPribose O o ow{z748 | wo—{361.19} 0

O
5P-Ribosyl-4-carboxy-S-aminoimidazole
O 5-Amino-4-imidazolecarboxamide

imidazole carboxamide

?xhgg%lgdhﬁsagmmemsm O—38.120 T _ _. _______________ Histidine me tabolism
5-Benzoylphosphoadenosine I ITP{extrace lular ;
(olpehont iy S AREAT eI 2 : 9 ) Ols?égpmpm‘e O GTR(extracellular)
~
{2778} oﬁsgsomal 4322 }Eo-?;{ 6344 36.1.19 {31417
Adenosine 5~ 6.1 o ‘matrix) enylo- DD o o
e traphosphate succinate t—| 2746 ) PPGPR (36.1.11| PPPGDP
3'5tcyelic AMP 3641 3613 ATP(extracellular) 2'3cylic AMPO Cd— e o — O o] 35
O I 1 -
[Oxidative ] 14, L1717 g
phosphorylation |7 OS'—Butyrylphowhoimsme 2746
‘5 {mitochondria) rve
2746 XMP 6.34.1 3*6' 1'5 Y

2746
2.7.1.40

- 2746
27140

I 6352
135
[2748][36.119] [3151]

/ s .
2421(|242.15 i'/ Tian

-~ it S
3221 ][3228]] IOMP O T Deoxyguanosine
(- 2421

27411

3
O

[‘/1.17.3.2

I

1.17.14 Guaning 2424 24 Glycine, serine and
3-GMP cyclic GMP threoning metabolism
T O 31416 o]
===l 0 2722—0O=4—2135 Urate-3- |
fﬁ‘é‘;ﬁﬁé" rbonueleoside O 0—{353-»0—{a11- ™0 3548 | »0—{352.-|mo—{ 2124} »0
O NHg ) 5-Urido-d-imilazole  S-&0MN0- & mingimidagale  Imidezolone  Formimino- Glycine
o Glyoxalate Allantoate (3)-allantoin v carboxylate 4-imidazole glycine
: yoxylate and ) 0 carboxylate
dicarboxylate metabolism TS Adenylylanlfate
ATP O—{36.1.17 04277530 2.7.7.4 | -0 sulfate

Ureldoglyeite oy s antoin O

S-Hydroxy-2-oxo-
4-ureido-2 S-dihydro-
1H-imidazole-
S-carboxylate

. = 3-Phospho-
gullza]?t%sphnadenylyl adenylate

spontaneous.

00230 216105




Maakt vitamine B12

l FPOREITY RN ALY CHLOROPIY LL B LT AL L IMEMM l
Fexritin-Ta Tranate rein-Te
-~ i Z - -
Lhyoporphvein ©
—cD - A o
< 5= Dwnopﬂntm\ua(ﬂ Coproporph I - Feo e
LI Oporphvrioogen 1 f, .11 --Cr—————-(.;rnn et —<.)<~{ 1.16.3.1 |- .
Toproporphyvoinogen 1 A poferritin ettt
D o
Oraparphyrn 111 (s ‘npmpnr‘phyrh’n 1 Apouens foern
G

Frotoheyne
Horaby (I Terne >

2 n—...l-nhvﬂnna-n TIT1 Lo vraix
e[ .11 57 |- O Mexoxides
C2OpL P oo pos
.s';',u..‘f.g.,“ 111 Tievard phvﬂx\oton 1%
Crahi

A nvabio pathway)
Proecooin &

ll-u.h Hnnn-

-

o Pnrphohﬂlm(.t\ Hvdmxyrruthvl-
o —CD I o Lo b

ClneacE

- WD vt e oo e
LA 1T el oo naome o
L

B0 HMemoglobin

(A nwerobic pathwe vy
L Sivahydvochloio

-
CToens vinme aoo

Ol 2

(SRR W e B
- p:ulupuxphvun 1€ R

1 I'I

O vhemoglobin [ )

¢ Precoroin DA

CAZ- P v
chromobilin

T~ atanyl -
UITT ATV

M‘ﬁz ~Protoporphyain 138
monomethyl ester

r-FPhyco

(A nmmrabic
o e pathwav) CAOCODIO pathway) Fﬂltvarf)lni & e o b
T [WERELD
| -1 . = ~ - =
! ;law'mu!-'in-’:—x'l’r’:yny o Yoz = (P a7z o1 5373 =]
13- monomethyl ester [1 31 =al 15 14 6-T thad mo (I)-Phaea
Slutemate ) [ Benm ||[iiaiam] Biliverdin exrythrobilin
e Ta bl s — D o
Joompoliom [ESTES] wow RO IA o
Frowmporphayrin 13¢
‘O Preooiiin o 13- Nonomethvl ostor
ERWWE =N [ wenre |[11a15m51] - e e -
chlormphvil o
(o Precorin O3 15175 . ni
L dvinoasl - <2
Cronr proto beht Prowchlammphyllide
nhlnmnhy‘ e
L=t S TIAvogenobyvriom w Bl boabin
Seyrala s cp T e e [Taras] [Laass)ire - ) [3-dig lue nrontde
TR oun
me oo baine te VOrOphviide o
Tamide 75 = : =)
Eh‘x—mmph Nide o e Boowrio-
. . o chloraphvils
‘;vbd(‘u)vxumle L ha 1 P hov

- Lirobiinog e o 2
o - LG Lo

_me tmbolism

TENeing . thie onioe J

me tario-
.1 62| plaeophvios

CratA
= Take

Chlorophyil m
D vl = € v G L,

chloraphyil m C > T-TT bl

R e G fidenoayl cobyrinate v

propan-S-ol
o - o e e e e s S e e e A P - hexeemid o o5 - L # e oo bilin
< .::::‘ | Tveca e X ¢ Chloraphyvil b Pheophyaos Lo #00 YOO LU0 g e
Adenoevl
Axnmrnide

CR 1 Ay
o
E v{’pho-ph-l-

enoavi cabinamide
phnnphnm

Chaenoe oL elarrin

Adenosine
COLLNIILAde

140105

- L)
o (EAE a5

!‘H:;At]n;l T i IR0 Ol g © '..h- o] = AT Hany
I 1.16.1 .fﬂl
D | B 51 A r—— <> = <>
o I8 12 Viteonin 15 150 Vimmin Bize (1161 5] Aauaoobid T e lan o

Vitmy
O e XU TG

OOSa0 2o o




\} Gebruikt geen methanol

(Pemose rhosphate pathway

D-Ribulose-SP

00680 8/11/05

Methane
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} Geen lactaat wel acetaat

| pvrRUVATE METABOLISM |
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Twee belangrijke koolstofbronnen

glucose-5-P

A 4 o=Tost07.0ET08282
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: DET1346
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4 oeTi34s
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Figure 56. Cenual carbon metabolism pathways in D. ethenogenes predicted from the gencme

Uit de metabole
pathways is op te
maken dat
Dehalococcoides
geen acetaat kan
maken en CO2
gebruikt.

Deze twee stoffen
moet de bacterie
VOOr groei vanuit
Zijn omgeving zien te
Krijgen.
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ea De centrale rol van waterstof

Carbon
Source

The Ubiquity of Hydrogenase

(" "[H] pool Methanogens

GO, » CH,

\
N 7
/ e e = R Aeel s
Aerobic \\ cetogenesis
Respiration _
Denitrification Methanogenesis C 02 - Cetate

Iron Reduction Sulfidogenesis
Dehalorespiration Sulfur Reducers
SO,2 » H,S
4 2
Affinity for H, determines Fe3 Iron Reducers > F62+
predominant electron accepting processes
Electron Acceptor Process Hydrogen Concentration P s :
(nM1) 3 Denitrification
Aerobic {O;) respiration <0.1 > N2
Denitrification <0.1
Iren(lll) reduction 02-06 . .
Dehalorespiration < 0.31 N2 Nltrogen ﬂxatlor; NHZ'
Sulfate reduction 1-4
Methanogenesis >5 -
Acetogenesis >336 PhOtosyntheSIS

CO, » Sugars
Chemautotrophy

Bottom Line: Dehalorespiring bacteria can out-compete
methanogens for hydrogen




93 Anaérobe Biostimulatie

Dechlorination in anaerobic food-webs

Anaerob

PCDD/Fs

MCDD/Fs Reduktive Dechiorie tuug

Organic |
Donors

Competing electron flow pathways in anaerobic sediments

Patent pending: PCT/NL2006/000124 - NL 1028531 (13-03-2005)



ea Methanol geen goed substraat

Methanol ¢ =—— ("Hu

PCE ETH

4HC1

SADJUINUAD ]

CH3:COOH (CH4

Acetaat
CO:

Figure 2.1 Interaction between Microbial Agents in Reductive Dechlorination using Methanol as
Electron Donor (Non-Inhibitory PCE concentrations)



a Elk substraat is indirect en niet
@) trefzeker

Substrate _ ? ETH

SADJUIUAD .

('H4

De concurentie naar methaan
bestaat ook bij ons systeem

CH3COOH
Acetaat

Figure 2.2 Interaction between Microbial Agents in Reductive Dechlorination under Non-
Inhibitory PCE concentrations



What is Needed for Effective
Anaerobic Bioremediation?

» O_rnonin cithetratne fhat fe_rment to-

u“' BENW SWFRARMMNW AT WVELRWRT AT

- Acetate
- Hydrogen (H,)
- Hydrogen concentrations > 1 nM

St_-__l.. s et e S ge il Y SRR | R | SOV A » PR ORISR
= 1vi luly IVUU\:IIIH LUTIVILIVIID [VUllaly nwTuuvnly vl
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" - l"r:nn‘n
B suuiicing

-
i~ VIl“lllllla LIV LTUVS 1INV UIg W ounnmuiIiuaLe

Dehalococcoides growth

m Halorespiring bacteria
(e.g., Dehalococcoides ethenogenes for DCE/VC)

) Wat is voor een snelle
&) dechlorering nodig?

Acetaat, waterstof,
koolzuur,
chloorethenen én de
bacterie
Dehalococcoides

Geen vitamine B12,
of reducerende

omstandigheden en
spoorelementen

De bacterie is overal
waar geen zuurstof
1S.



33 Voorbeelden van beperkt succes

v Soluble - lactate, molasses, ethanol * Soluble, mobile
v Viscous Fluids - HRC®, HRC-X, neat " alcohols, sugars, lactate, acetate, citrate

vegetable 0 + Semi-soluble or emulsions, less mobile

v Low Viscos'ty Fluids - vegetable ol " oleate, sterate, emulsified vegetable oil
microemulsions, cheese whey + Solid, slow release compounds

+ Solids Substrates - mulch, compost,  * ¢ ARG
CAItin + Microorganisms (bioaugmentation)

* Experimental - hydrogen gas, humic * Dehalococcoides (OHE)
acids + Nano-scale particles




ea Voorbeelden gebruikte substraten

Injected Form and

Target

Substrate . Concentration in
Concentration i
the Formation
Sodi.um Lgctate. Diluted 3 to 30 50 to 300 mg/L
ILactlc Acid percent by weight
Ethanol Diluted 3 to 30
. : 50 to 300 /L
Methanol percent by weight ? i
Molasses Diluted 1 to 10
; /
Fructose Corn Syrup percent by weight Ao gk

Hydrogen Release Pure product injected at
ICompound (HRC®) 4 to 12 pounds per foot

100 to 500 mg/L
(lactic acid)

Vegetable Ol \ Oil-in-water emulsion

10 to 500 mg/L
(TOC)



Ga Zuurstof is dodelijk
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Verband tussen groeisnelheid en zuurstofspanning bij verschillende microben

Curve a: obligaat aerobe microben (verzadigingscurve)
Curve b: facultatief anaerobe microben

Curve ¢: microaerofiele microben (optimumcurve)
Curve d: obligaat anerobe microben



Voorbeeld waarbij Dehalococcoides
dood werd gemaakt

V. LOW-RATE
I _I AIR INJEGTION MONITORING OF
AIR ERMISSIONS
STORAGE TANKS

BASENMENT: MONITORING OF

KMONITORING AS SOILGAS -
REQUIRED cxE g

KMONITORING OF SOIL GAS



93 Het diffusieprobleem

L

etheen
Scradensierd (LOSUNng von Schadstiofien)

PER cis-DCE

P

#

Grundwassearstromung

-

Flisfisirecke

tsx< 2 <13

1 ts

ispie

Be

Schadstofftransport
gesteuert durch:

Advektion

Advektion -+ Dispersion/Diffusion

Advektion =+ Dispersion/Diffusion
+ Sorption/Retardation

Advektion =+ Dispersion/Diffusion
+ Sorption/Retardation
+ Abbau



ea Diffusie van boven bekeken




Doorlaadbaarheid per grondsoort
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KormgroJenklassen und Durchigssigkeiten der Lockergestene
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Ga injectievoorbeelden

Direct Injection

Amendments

—
Direction of
Groundwater |y v

PID meting Druk[netlng

Filter Filter  Fiter
287 288 289

111

Injectiefilterf v
"l 1 I 11l _3Imamy
2 2| _55m-mv
[ [
3 3 3| _T7.8m-mv
[ 1 |
Monitoringsfilters
: §2m
: 4m |
f—
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ea Passieve en actieve injecties

Injection Wells Wi Row ofjetion Wels with Ittt
Intermlttent Circulation  Circulaton and Intermediate Well
|
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o ot o el IJe Mool Wel it e Fust




ea Diffusie en afbraak meten

Theorie —— Praktijk., « . O
| e s .« gassen

v M L4 v
- ”

.+ 'meetpunt
| v | v 16 IS ertussen
W e gekomen

{ ‘.\ ’ P \ I
J T — ) - )\ / \
—X / 7\
' oo\
\ —F \
v X - \
| 4 & |
\ J ‘l J “
ll ,l /
\ \ - ]
\ e "‘ - .

e acetaat
a t/m e acetaatinjecties O

1 t/m 6 waterstof/CO2/N2
Recirculatie vanuit 10 naar elk

acetaatpunt een paar uur per dag 3 M

Alle 13 punten zouden meetpunten zijn s



esultaten Berk

Voor: (eenheden ug/l)

VC DCE TRI PER
- M14 1944 139 7689
M1/ 23 9 46

_Na twee maanden:

12.0 m diamete
| .

, “Bron -~ M14 131 1194 23 755
S 13 -
\: M17 95 1030 85 6

In M14 is 90% reductie van PER en 82% van alle DCE opgetreden, naast een toename van VC
In M17 nemen PER en TRI niet af en is door substraattekort een toename van DCE en VC.

De diffusie van 3 meter in deze bodem is voor acetaat te ver.



ea Snelle en langzame omzetting
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Snelle omzetting in lab

N W o 0
O O O O O o
1 =4 1 | ]
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Figur 6. Nedbrydning af 10 mg/l PCE svarende til ca. 60 M.
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93 De snelste ontchloring
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Afgraven en alleen in de pluim

Remediated
Groundwater

Emiiters

.‘ ~ Muitlievels
Permeable
Reactive Barriel

Schemai!c showing scged plume remed!ation
using Waterloo Emitters, monltored by a transect of
CMT or Waterloo Multllevel Syustems

Hochfrequenz-
Ganerator

Anpassgerat

Geen opties

SO VY = X -



93 Bioscherm in de pluim

Situatie blijft
Z0 jaren
voortduren




Alleen behandeling van de pluim




93 Weer niet de bron maar de pluim

Transect of CMT Weils Supply Well (Recepior)
Contaminant Pume
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() Voorstel tot saneren

Geen duur scherm die de
situatie jarenlang in standhoud

P A omdat de bron weg is

oo n=| 0o po Reaktor

NANNN

Wasserij

QoQ
(=] =)
oo

Grundwasser-

flienchtung
Fig. 1. Verspreiding verontreinigd groncwater.




(T] 6een lactaat maar acetaat en het gaa

@) nog sneller
Dehalococcoides culture

» Dehalococcoides breathes TCE under strictly anaerobic
conditions, using hydrogen for food.

= Microbial consortia ferment lactate to hydrogen,

providing Dehalococcoides food to degrade TCE to
ethene.

e When

Dehalococcoides
1s absent,
degradation
stalls at

DCE or VC
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Het land met onbegrensde mogeukheden



