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Paradigm shift in thinking: waste as a resource

Food
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Waste Treatment Facility

Linear economy
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Wastewater treatment plants: treatment and disposal

0.6 kWh/m?3
Large footprint (0.3 kWh/m?3 for aeration)
0.564 Kg CO,e/m3
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Biopolymers 0.6 kWh/m3
(0.3 kWh/m? for aeration)
0.564 Kg CO,e/m3

Large footprint

Chemical energy in biodegradable
organics and NH, (1.54 kWh/m3)

N, P

Safe water reuse: agriculture, industrial,
residential, urban, aquifer recharge
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Drivers for developing nexgeneration environmental
biotechnologies for achieving circular economy in WWT and reupe




Overarching goaldevelop sustainable environmental biotechnologies that enable us to fully harn
_the metabolic potential of microbial communities for resource recovery from wastewater
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1. Microbial electrochemical systems
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1. Microbial electrochemical systems
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1. Microbial electrochemical systems

7

Theme 1 Microbial electrolysis cell for achieving energneutral
domestic wastewater treatment and reuse

Theme 2 Microbial electrosynthesis for converting G@ chemicals
and fuels

Lalb and pilot-scale




Theme 1: Microbial electrolysis cell for WWT with resource recovery

This small voltage can be
> supplied by photovoltaic solar

, N . , panel
a. NBI UKE
solid-state
electron
acceptors
Organics  CO,
\l_\le N2
Pollutants;
electron .
donors Anode Membrane Cathode
(Anaerobic) (Anaerobic)
Anodicchamber(Anaerobic)
CHCOO+ 4HOM2HCQ + 9H + 8e EA=-0.28V
Cathodicchamber (Anaerobic) E=-0.13V

2H"+ 2e ['hH, FA=-0.41V



Theme 1: Microbial electrolysis cell for WWT with resource recovery

MEC alone are not able to produce the higjuality effluent needed for water reuse applications

This small voltage can be
__________ 0.8V > supplied by photovoltaic solar
' B , A panel
a. NBI uKE
solid-state
electron
acceptors
Wiganics co, % ..
~.~NH4+ N, 24
Pollutants:
electron
donors Anode Membrane Cathode
(Anaerobic) (Anaerobic)
Anodicchamber(Anaerobic)
CHCOO+ 4HOTIHh2HCQ + 9H + 8e EA=-0.28V
Cathodicchamber (Anaerobic) E=-0.13V

2H"+ 2e ['hH, FA=-0.41V



=% = Anaerobic electrochemical membrane bioreacfamEMBIR

| Dr. Krishna
Katuri

Simultaneous recovery of energy (H,) and water for reuse from wastewater

rump

e

Dual function cathode

Power source

Electro-catalytic & porous
polyemric HFM

Wastewater (Organics, N, P)

Current Opinion in Biotechnology019, 57,104110; Journal of Membrane Scienc2019, 577, 17883; Environmental Science and Technoleg8®16, 50, 44391447,
Advanced Materials2016 , 28, 9509511 Patent: WO 2015/103590 Al



=% = Anaerobic electrochemical membrane bioreacfamEMBIR

| Dr. Krishna

Katuri Simultaneous recovery of energy (H,) and water for reuse from wastewater

rump

e

Power source

Most polymers are electric insulators
P) How to make HF polymeric membranes conductije

Wastewater (Organics, N )
and catalytic?

Current Opinion in Biotechnology019, 57,104110; Journal of Membrane Scienc2019, 577, 17883; Environmental Science and Technoleg8®16, 50, 44391447,
Advanced Materials2016 , 28, 9509511 Patent: WO 2015/103590 Al



Fabrication of electro-catalytic polymer-based hollow fiber
% = membrane (HFM) using atomic layer deposition

Dr. Krishna
Katuri Atomic Layer Deposition Polymeric HEM

(a) (b)

Cross section  Outer surface
> (’( N p

(d)

AN

+

Polyoxadiazole

" C)

Legend:

Precursor A ' Precursor B Q Reaction By-Product ®  Inert Camer Gas
Johnson et al. (2014)
U Allows control of film thickness

U Enables deposition of uniform films on the surface of
substrates with porous structures



Electro-catalytic polymer-based HFM
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Electro-catalytic polymer-based HFM
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Electro-catalytic polymer-based HFM
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Electro-catalytic polymer-based HFM

EDX line scan
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Electro-catalytic polymer-based HFM
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‘What about functional stability in terms of current density?

=» Permeate

Functional redundancy in EAB:
iImportant to maintain stability

Wastewater (Organics, N, P)




‘What about functional stability in terms of current density?

Poor functional redundancy
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‘What about functional stability in terms of current density?
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a Diversity of electroactive microbes/dominancé&safobacte
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| Desulforomonaacetexigensan efficient EAB

Dr. Krishna Dr. Veerraghavulu
Katuri Sapireddy
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Electrolysis Cell

D. acetexigens
Curent density (j, A/mz)
[N o))

o

G. sulfurreducens  D. acetexigens

Npj Biofilms and Microbiomes2021, 7:47Water Research2020, 185, 1162845enome Announcement2017, 5(9):e015226



Extracellular electron transfer complexe®imacetexigensevealed by
differential proteomics - -

|

‘Dario Rangel Shaw Dr. Krishna Katuri
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Effect of different starup strategies on the enrichment of efficiattetoclastielectroactive bacteria
(i.e.,G.sulfurreducenand D.acetexigens

U Current density (157% 157 mA/n¥), coulombic efficiency (7089%),
and CHproduction (0.220.02 L/gCOD) was highest in PEACs

A - W
Mohammed
Bader

U Enriching the anode with functionally redundant and efficient
acetoclastidcAB is crucial for resource recovery from wastewater
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f Pilotscale anaerobic electrochemical fluidized membrane bioreactor ft
* —

- achievingenergyneutral WWT for noipotable reuse
‘Dr‘ Krishna Katuri AnEFMBR

I

Dr. Hari Anadarao

12V Battery "
(for energy storage)

WWT pilottesting facility ‘-ﬁ;

Voltage control unit
(for powering MEC)

1

EEi T

Solar panel

FMBR
(35 L)



Pilotscale anaerobic electrochemical fluidized membrane bioreactacfeeving
_energyneutral WWT for noipotable reuse

MEC
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1 SinglechamberMEC

1 ReactorworkingvolumeA 35L

1 Anodeé& cathodemodulesA 4

1 Anodeto-volumeratio / moduleA 780m?/m?3
I Eachmoduleis poweredseparately

1 AppliedvoltageA 1.0V
Inoculum:G.sulfurreducensand
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Pilotscale anaerobic electrochemical fluidized membrane bioreactacfoeving
_energyneutral WWT for noipotable reuse

GAC (Imm

-6
GACfluidized for 15 min every 2
hoursof MBRoperation



Performance of pilescaleAnEFMBR-450 days of operation)

100

—— Module 1
——— Module 2
—— Module 3
80+ —— Module 4

Batch mode pearation with acetate

60+

40-

Current (mA)

20+

Time (Days)

U Operated with synthetic media (acetatel0
mM)

U Inoculum:G.sulfurreducenand
D.acetexigens

U >75% of acetate conversion to electrical
current

U 3 moles of Hwas measured per mole of
acetate consumed

Manuscript in preparation

Current (mA)

100

—— Module 1
—— Module 2
i —— Module 3
80 —— Module 4
ARANER
Al Y YV Y
60-***” AR Yyl
A AR
40 m \ Q Al A 0\
20+ k
0 T
120 140 160

Time (Days)

U Influent COD: 42% 35 mg/L
U Sewage + synthetic media (Starch + U

Beef extract)

U Fedbatch mode of operation
U CHis present predominantly in

biogas

U CH production stabilized at
0.2 L Ckig COD removed

i

i
i

100
804 (HRT: 14 h) (HRTZ7h) (HRT: 14 h)
0.73 OLR 1.43 OLR 0.73 OLR

g 60+
: i
5 B [ \
8 40 M‘ h “'J M‘\" |\ \

20+

o T T T T T T 1
160 200 240 280 320 360 400 440
Time (Days)

Influent COD: 42% 35 mg/L

Sewage + synthetic media (Starch + Be

extract)

Continuous mode of operation

Highpurity CH, produced

A 073 OLRA 021 L CH/g COD
removed
-CQ concentration below detection
limit

A 1.430LRA 0.3LCH/g CODremoved
-biogasconsists 10%CQ



Energy recovery from pilsicaleAnEFMBRperated with solar energy

The energy for MEC operation is considered zero because this energy was provided by the solar panel

Sewage + synthetic WW Sewage only
OLR: 0.73 Kg COD/m3/day OLR: 0.38 COD/m3/day
Influent COD: 42% 35 mg/L Influent COD: 185% 30 mg/L

CH to electricity 0.34+0.05 kWh/n# CH to electricity ~ 0.14+0.01 kWh/n?#
GAC recirculation  0.16 kWh/n# GAC recirculation 0.14 KWh/n?
in GDM in GDM
Feed pump 0.00014 kWh/m Feed pump 0.00014 kWh/m
Net enagy gain 0.18+0.05 kWh/m? Net enagy gain 0.005+0.01 kWh/m?

Assuming 33% conversion efficiency of CH, to electricity by combustion

Manuscript in preparation



Permeate quality of piledcaleAnEFMBHRt different organic loading rates

Influent COD Turbidity
COD removal | (mg/L) | (mg/L)| (NTU)

(mg/L) (%0)

Sewage + Synthetic W\ 1.47 425+ 35 89+2 28+5 3.2%x3 0
Sewage + Synthetic W\ 0.73 425+ 35 92+ 3 24+3 2.8%2 0
Sewage 0.38 180x30 795 23+4 2.4+3 0

’—-N

Rd

Manuscript in preparation



Permeate quality of piledcaleAnEFMBHRt different organic loading rates

Influent COD |NH*-N| PQ?* I Turbidity
COD removal | (mg/L) | (mg/L) I

(mg/L) (%0)

_ ] » Agriculture reuse
Sewage + Synthetic W\ 1.47 425+ 35 89+2 28+5 3.2+3 0

l
Sewage + Synthetic W\ 0.73 425+ 35 92+3 : 24+3 2.8+2 I 0

Sewage 0.38 180+30

’—-N

Rd

Manuscript in preparation



Permeate quality of piledcaleAnEFMBHRt different organic loading rates

Influent COD |NH*-N| PQ?* I Turbidity
COD removal | (mg/L) | (mg/L) I

(mg/L) (%0)

» Agriculture reuse

Sewage + Synthetic Wy 1.47 425+35  89+2 | 28+5 32+3' 0

l
Sewage + Synthetic W\ 0.73 425+ 35 92+3 : 24+3 2.8+2 I 0

Sewage 0.38 180+ 30 795 LZBi 4 2.4+3) 0
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TSE

. ,.z__:ﬁ e N e
Treated sewage effluent (TSE)

What about other nonpotable reuse applications that require
removal of ammonium?
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What is the most energgfficient and sustainable bioprocess for nitrog
removal?

Nitrification
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What is the most energgfficient and sustainable bioprocess for nitrog
removal?

Nitrification Denitrification
1.0, ‘ Q
D
Nltratatlon 2,
0.7 0,

Nitritw
‘ ANAMMOX
- :

¥
60% reduction in energy
100% reduction in carbon demand

75% reduction in sludge production
Less/no NO (GHG) emission
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What is the most energgfficient and sustainable bioprocess for nitrog
removal?

Nitrification Denitrification
1.0, Q
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Nitratati;l\ >,
0.7 01 NOB
e
Nitrit:;:)n\

ANAMMOX —
: ) U Genome encodes for 66
type cytochromes

U 10" heme-bound iron atoms

: \ (red color)

A |_\_<3.. U Have homologs oGeobacter
U 60% reduction in energy and Shewanellamulti-heme
U 100% reduction in carbon demand ctype cytochromes that are
U 75% reduction in sludge production responsible forEET
U Less/no NO (GHG) emission
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), . Electreanammox: a novel anaerobic bioprocess for nitrogen remc
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Dario Rangel Shaw
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Conventionalanammox NH,*+ NO A N,+ NQ

Nature Communications2020,11:2058;2020 Best Discovery Award from the International Society for Microbial Electrochemistry and Technd®RNET)



& | Electreanammox: a novel anaerobic bioprocess for nitrogen remc

Dario Rangel Shaw

Electrocanammox:

NH + XQ A N+ MO

All bacteria

Biofilm

}

i

Complete nitrogen removal with no need for aeration

No NQ as byproduct;no further polishing of effluent is required
Possibility of carborand energyneutral oxidation of
ammonium when coupled to renewables

Electric current from ammonium oxidation can be stored ag H

Nature Communications2020,11:2058;2020 Best Discovery Award from the International Society for Microbial Electrochemistry and Technd®RNET)
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What’s next? Integrating AnNEFMBR with electro-anammox for energy-

_neutral WWT for non-potable reuse
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1. Microbial electrochemical systems
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Theme 2 Microbial electrosynthesis for converting G@ chemicals
and fuels

Electron
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Theme 2: Microbial electrosynthesis for converting tG@hemicals
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Theme 2: Microbial electrosynthesis for converting tG@hemicals

Can we use MES as a platfor
for solarto-chemical
conversion?

Can wereduce the amount of
catalyst required to drive
electrocatalysi®
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Reference
Electrode

What is the effect of inoculum
source on enriching for specific GO
reducing microbes?

Can we reduce CQOnass transfer
limitation?

What is the effect of CQ
concentration and flow rate on
stability?

ACS Sustainable Chemistry and Engineer2@£3, 11,1100-1109; Chemical Engineering Journ&022, 450,138230;Advanced Functional Materia]021, 31, 2010916;
Bioresource Technology021, 319124177;Scientific Reports2021, 10:19824Science of the Total Environmer020, 142668Applied Energy2020, 278, 1156845reen
Chemistry 2020, 22, 561€6618;Bioresource Technology020, 302, 12286Frontiers in Microbiology 2019, 10:2563Microbiology Resource Announcemen019,
8(45), e01138L9; Frontiers in Microbiology 2019, 10:1747Chemistry of Materials2019, 31, 3688693 ;Advanced Functional Materia|]2018, 28, 180486W@ournal of
Materials ChemistryA, 2018, 6, 172017211;Advanced Materials 2018, 30, 170707 PBatents WO 2020/031090 A1, WO 2019/197992 A1, US 2018/0346935 Al
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Can we reduce CQOnass transfer
limitation?
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Can wereduce the amount of
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.; Improved microbial electrosynthesis of @dm CQusing

« dual function cathode #

Manal Al Gahtani Bin Bian

Flat cathode with C@gas bubbling

Power input
aan

@
I

f{o‘
S
o

[
©
o)
=
[
@
[<b]
(<]
3]
(=
)
&
| ©
D
o

PEM membrane

Advanced Functional Materia|2018, 28, 1804860
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Flat cathode with C@gas bubbling
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Dual function nickelbased electrocatalytic HFM
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