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Background

 There is an increasing interest in developing fix-bed biofilm reactors (FBBR) for
the remediation of oil sands processed water (OSPW).

* To this end, choice of filter media is crucial because it selects specific microbial
communities to grow and colonize the bed followed by degradation of
organics such as naphthenic acids (NAs).

* In this study, we investigated the potential of using petroleum coke (PC) as a
filtering media because it is readily available at the oil refining sites and is a
by-product of bitumen upgrading process.
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* What microbial communities are selected by the PC
during OSPW remediation in FBBR?

 What is the potential of FBBR towards NAs
degradation?

 Whether bioaugmentation of NAs-degrading bacteria
enhances biofiltration potential of FBBR?

Experimental setup of petroleum
coke (PC) based fixed-bed biofilters
used for OSPW remediation.
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*PC characterization.
*FBBR were operated continuously to establish microbial communities on the filtering bed.
eTotal and active microbial communities were analyzed (DNA and RNA sequencing).

sCultivable bacteria were isolated from OSPW and oilsands tailings.
*The growth potential was tested on 15 model NAs (straight chain, single ring, and multiple rings).
sConsortium of 9 unique strains was developed.

eConsortium was applied on PC bed (immobilization).

*FBBR were operated continuously.

eDegradation of NAs and aromatics was investigated.

eToxicity of treated water was studied.

ePersistence and colonization of immobilized bacteria was assessed.




Biofilters’ Operation
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Sample name petroleum coke
BET Surface area (mzig} 0.903
Pore Size (nm) <2, 2'4, 4-8
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Results

Phase | ~ T 13 my
3 | e
Active communities (RNA sequencing) s | 2
w | S
. . . Ruminococcus; Firmicutes - 41 C
* Active bacterial community was et g | g
entirely anaerobic (99%). denirdehoe ity S | o
Dorea; Firmicutes - E
* There were no differences in e B g ermy
bacterial communities at different o e, [ 5 g |2
depths Of FBBR. Catenibacterium; Firmicutes - 45 42 45 © 5 :
Ruminococcaceae_OTU_23; Firmicutes - 38 36 35 >~\ L2
M M Erysipelotrichaceae_OTU_27; Firmicutes 3 20 9.2 -8' 8
* Deductions: (1) Degradation of ——— o | =
NAs/organics was subject to . c g
anaerobic digestion [a scheme Posetura; Fimiutes e Ry
similar to beta-oxidation], (2) PCR of -
methanogens (mcrA gene). PC-based biofiltere operated under

natural conditions
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Biofilters’ Operation

Phase Il

Modified

Pre-screened aerobic bacteria

Top (Aerobic)
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Pre-screening of NAs degrading bacteria

NAs surrogates

1 Ethanoic acid
2 Heptanoic acid
3 Octanoic acid
4 Undecanoic acid
5 Dodecanoic acid
6 Pimelic acid
7 Benzoic acid
8 4-Hydroxycyclohexylcarboxylic acid
9 1-Methyl-1-cyclohexanecarboxylic acid
10 4-Propylcyclohexane carboxylic acid
N 11 Tetrahydropyran-4-carboxylic acid
i : o NG 12 1,2,3,4-Tetrahydro-2-naphthoic acid
‘ N @*{/) 13 1-Adamantane carboxylic acid
- ;';"":\\3&;'» 14 1-Pyrenebutyric acid
T gﬁjpm o= 3 15 Lithocholic acid

Culturing NAs-degrading bacteria

Phase Il 0
Model NAs MOH

Dodecanoic acid

\WOH /\/\/\)J\OH AsgA_21 1 5 adh
O 5 b AS9A_2809

Molecular formula

CHsCOOH
CH,(CH,) .COOH
CH,(CH,) COOH
CH,(CH,),COOH
CH,(CH,) ,COOH
HO,C(CH,).COOH
C.H,COOH
CH.O

7 1273

C8H1402

10
10
11
11
20

18
18
12
16
16

2
4
2
2
2

O0O0O0O00
I T T T T T
oNeoNoNoNoNe

24740 "3

Nature

Straight chain
Straight chain
Straight chain
Straight chain
Straight chain
Straight chain
Single ring

Single ring

Single ring

Single ring

Single ring

Two rings

Complex single ring
Four rings

Complex multiple rings

ASSA_2110

AS9A_2816

K—1—



Consortium development and application

Phase Il
Percent Accession Catabolic
Identity Number genes
Pseudomonas stuzeri Tailings 100% MT729811 CYP153

Bosea lathyri Tailings 99.26% MT729812 CYP153
and alkB

- Sphingopyxis witflariensis Tailings 99.36% MT729813 CYP153
and alkB

_ Pseudomonas vancouverensis Tailings 94.23% MT729814 CYP153
_ Pseudomonas knackmussii Tailings 96.98% MT729815 alkB
- Aquamicrobium aestuarii OSPW 98.11% MT729816 CYP153
7 Aquamicrobium terrae OSPW 99.34% MT729817 Not
detected
Pseudomonas turukhanskensis Tailings 98.33% MT729818 CYP153
and alkB
Staphylococcus hominis OSPW 99.48% MT729819 Not . .
detected Immobilization efficiency : 23%

* Three bacteria were selected for consortium development.



Naphthenic Acids
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Fluorophores (aromatic compounds) and Chemical Oxygen Demand

Phase Ill

Intensity (a.u.)

700

600

500

400

300

200

100

1
-100

Synchronous fluorescence spectra
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* Bacterial inoculation displayed higher removal of aromatic
compounds, as well as COD reduction

Chemical Oxygen Demand
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MicroTox® and Microscopy

Percent inhibition to V.
fischeri

Bacterial inoculation displayed
colonization in the form of clusters.

* Highest reduction in toxicity was observed when
OSPW was treated in the presence of bacterial
augmentation.
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Performance Evaluation

Un-autocalved PC Un-autoclaved PC
& &
no bacterial augmentation Bacteria augmentation

. NA

Biodegrada | _. Influent NA | Effluent NA
! Circulat . . | removal Reference

tion ) concentratio | concentratio o

Classical ion efficiency |s
NAs removal process n (mg/L) n (mg/L)

(%)

_ 32.6%
Classical

NAs removal

19.3% 15 days Raw 15.93 12.85 19.3% This study

15 days Raw 16.10 10.87 32.5% This study

Sand Zhang et
2 R 13.1 10.2 22.19
biofilter S e 3 0 % al., 2018
214 Shi et al.
MBBR R 19.8 12.9 34.89 ’
- days * 015
335 Huang et
R 25.1 14. 43.09
m days ’ 3:0% al., 2015

Inhibition = 44% Inhibition = 38%
Vibrio fischeri Vibrio fischeri




Microbial Community Structures (Bioaugmentation)

DNA-Stable Isotope Probing (**C and '2C labeling of NA surrogates)
Oleic acid, palmitic acid, myristic acid, benzoic acid, phenylalanine, 2-keto-4-methylpantonic acid

DNA Concentration
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Microbial Community Structures (Bioaugmentation)

13C-NAs 13C-NAs 12C-NAs 12C-NAs

— | L] | L] | | |
Met hy|otrophy I Proteobacteria; Methylobacillus - - Cyanobacteria; Obscuribacteraceae - - -
| | |

Unclassified; Unclassified Proteobacteria; Rhodobacter -
L] | L] | L] | | | L] (| L] | L]
Proteobacteria, Unclassified 09 14 Inocu | ate d Proteobacteria; Sphingomonas « 6 71
Inoculated Proteobacteria; Pseudomonas 64 52 I Proteobacteria; Sphingopyxis 44 65
N AS/ H C d S g ra d at ion Proteobacteria; Pseudoxanthomonas 27 1.3 Proteobacteria; Hyphomicrobium = 4 44
— | L] | L] | L] | L] | L] | L] | il
Bacteroidota; Sediminibacterium 06 22 k d Bacteria OTU 8,k _d Bacteria OTU 8- 149 26
Proteobacteria; Methyloversatilis 06 13 Planctomycetota; Gemmata - 11 64
Proteobacteria; Rhodobacter 13 15 Proteobacteria; Blastomonas - 32 39
Verrucomicrobiota; Neochlamydia 35 11 Acidobacteriota; Bryobacter « 24 22
Cyanobacteria; Obscuribacteraceae 15 21 Gemmatimonadota; Gemmatimonas - 21 25
Proteobacteria; Hyphomicrobium 12 11 Proteobacteria;, Methylobacterium-Methylorubrum « 12 16
Bacteroidota; Subsaxibacter 22 15 Spirochaetota; Leptospira = 13 11
Bacteroidota; OLB12 - - Proteobacteria; Reyranella~ 22 17
Bacteroidota; Lacbacter 05 1 Actinobacteriota, f__Microbacteriaceae_OTU 16 «

Bacteroidota: Unclassified 02 04 k__d_Bacteria OTU_13;k__d__Bacteria OTU_13- - -

Proteobacteria; Legionella 02 04 Inoculated I Proteobacteria; Bosea-

Gemmatimonadota; Gemmatimonas 03 05 Proteobacteria; f Sphlngomonadaoeae OTu_25- 0.4 2

Acidobacteriota; Bryobacter 07 04 Proteobacteria; Caulobacter =

Actinobacteriota; Cutibacterium 03 04 Actinobacteriota, f__Microbacteriaceae_OT_24 « - -

Bacteroidota; Terrimonas 05 02 Proteobacteria; f__Rhizobiaceae_O1U_27-



DNA-Stable Isotope Probing
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Summary Mechanisms

Modified

Control

Consumption of CH,

NAs / Hydrocarbons / Organics
’ Schmutzdecke

CHa4 + CO2

(—__)--Succinyl-CoA NAs / HC / AH

Beta-oxidation

|Syntrophy | Fermentation

Acetyl-CoA Methane

(CH,)

Acetate Other syntrophic I

syntrophic bacteria bacteria

Hydrocarhoclastic




Concluding Remarks

* Active community in PC comprises anaerobes, which allow remediation via anaerobic digestion.

* OSPW remediation under natural conditions are coupled with methanogenesis in a syntrophic mechanism.

* Removal of classical NAs, O,-NAs, and fluorophore (aromatic) compounds was evident in the presence of
bacterial augmentation.

* DNA-SIP revealed a high degree of methylotrophy in the Schumutzdecke.

* Oxygen was primarily consumed by methylotrophs rather than used for degradation of NAs.

* PC+bioaugmentation for aerated OSPW is beneficial and release of CH, can be minimized
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