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Abstract

Bioelectrochemical systems (BES), also known as microbial electrochemical technology
(MET), has emerged as a potential sustainable technology for wastewater treatment and
complimentary electricity generation. BES consists of a set of technologies focused on the
interaction between microbes and conductive materials/electrodes, which leads to a high
catalytic rate at the microbe-electrode interface. The primary benefit of the favourable
interaction between microbes and conductive materials is that it can boost microbial
metabolism in an electron acceptor deficient anaerobic environment. This pioneering
technology has shown great potential for wastewater treatment with simultaneous electricity

generation along with other environmental applications.

In the last decades, BES has been incorporated into constructed wetland (CW) technology to
form an integrated hybrid technology, i.e., CW-BES. The CW-BES is the most innovative
scalable development so far in the field of BES for wastewater treatment and other
environmental applications. The CW-BES merger assists in overcoming the challenges
associated with both technologies at an individual level. An anaerobic environment mainly
dominates CW, leading to slow treatment performance and requiring a larger land footprint;
nevertheless, BES integration assists in improving its treatment efficiency and additional

functionalities.

The CW-BES merger is still in its infancy stage. It requires a better understanding of many
aspects of microbe-electrode interaction to remove various types of pollutants, such as
organic/inorganic, recalcitrant, etc. It also needs further comprehensive investigation on
electricity generation enhancement and practical application of generated electricity along with

its applications.
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This PhD thesis aims to establish a deeper understanding of anaerobic microbe-electrode
interaction in CW-BES to remove various pollutants from wastewater such as carbon, nitrogen,
sulphate, toxic heavy metals and dyes, as well as operational problems like clogging, hydraulic
retention time, and organic loading rates. The study also focussed on determining a way of
harvesting energy, its storage and practical application of bioenergy generated from CW-BES.
Thus, this study is divided into five stages to explore a different set of CW-BES technology for

achieving sustainability in wastewater treatment.

In the first stage, this study has focused on treating carbonaceous and nitrogenous (ammonium
nitrogen) wastes, both high energy and cost demanding pollutants, from wastewater using CW-
BES. CW removal of carbon and ammonium nitrogen is a challenge due to the anaerobic
environment and slow treatment rate. Oxidation of both carbon and ammonium nitrogen
requires sufficient electron acceptors in an anaerobic environment. Hence, in the first stage,
CW was incorporated into one of the BES technologies, a microbial fuel cell (MFC). The
presence of electrodes in the anaerobic environment of CW-MFC acted as an artificial electron
acceptor and assisted efficient electron transfer resulting in high treatment performance.
Further, in the same study for anaerobic ammonium nitrogen removal, the study developed a
new process where the electrode at the anode (anaerobic environment) of CW-MFC acts as an
artificial electron acceptor. Based on electrode dependent anaerobic ammonium oxidation, the
process was named the electroanammox process. This process provided a new pathway for
ammonium nitrogen removal from wastewater in an anaerobic environment. The study was
conducted in open and closed circuit conditions in a CW-MFC to better understand the electron
flow role. This was further compared with the traditional CW. Based on the higher performance
of open-circuit CW-MFC over the traditional CW, a CW filled only with conductive materials
without electrical connections (electroactive CW) was then assessed to treat chromium, a

typical heavy metal pollutant. The performance of electroactive CW was constant throughout,

XV



with chromium removal of 99.9%. The study exhibited a strong link between microbes and
conductive material for this removal. In contrast, the presence of the conductive material
decreased toxicity build up in the system and allowed microbial activity at a higher loading of
chromium. The redox gradient developed in electroactive wetland assisted the system’s

electron flow, leading to better microbial metabolism.

As sulphur is a very well-known redox metabolite in BES, a further study was conducted in
CW-MFC to emphasise the interrelation between sulphate and a conductive material in electron
transfer and treatment performance. CW-MFC performance was examined in the presence and
absence of sulphate in wastewater. This indicated that sulphate acts as a redox coupling that
significantly influences other CW-MFC treatment processes compared to the CW-MFC with
no sulphate in the wastewater. The redox metabolites of sulphur improved the electron transfer

mechanism and influenced treatment performance.

Based on the outcome of previous stages, more complex wastewater consisting of various
common pollutants and other, more recalcitrant pollutants was employed for the next stage.
This was to examine the CW-BES technology’s versatility to resist clogging at different loads,
toxicity tolerance, and treatment performance. A variety of BES technologies integrated with
CW were tested in this stage, such as CW-microbial electrolysis cell (MEC), CW-MFC, and
electroactive wetland. The result indicated that the redox coupling of CW-BES has a significant
influence on its treatment performance. Based on the favourable redox potential, the treatment
performance increased, decreasing the toxicity build-up in the system with low sludge
generation. The other significant outcome of the study was even at higher loading of

recalcitrant pollutants, microbiology in terms of diversity and communities was not affected.

Hence, CW-BES was found to be a versatile technology even at higher loading with recalcitrant

pollutants. In the final stage, storage and the practical application of generated electricity from
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CW-MFC was explored. Since CW-MFC generates low power, scaling up the generated energy
for real applications is a challenge. Therefore, the generated electricity from CW-MFC was
stored using a power management system (PMS), mainly designed to store low power from
CW-MFC. Further, the stored energy was used to operate an air-pump to provide aeration at
the cathode of CW-MFC. The result showed significant improvement in treatment performance
after aerating the cathode while decreasing the system’s internal resistance. Thus, the study

overall demonstrated practical application of bioenergy generated from the CW-MFC system.

Economically, this study’s advanced technology can provide a sustainable method for
wastewater treatment while addressing the water-energy nexus, a prime focus in the current
era. Overall, the study attempted to provide a low-cost sustainable, innovative approach for

wastewater treatment to keep a greener and cleaner environment.

XVii



[Page intentionally left blank]

xviii



Table of Contents

Chapter 1: INtroduCtioN........ccovcveuesiiemnssarsss e srr e sae nssessns e sn e sae nssns sns e san s sns nssns snn e suene L

1.1, BACKEGTOUNM ..coieeereeeeeeeeeesseeecssessessesssesee s s s s s s s 1
1.2, RESEATCH OVEIVIEW ...eeeeieeeeeeeceeereeseesseeeesssesssssesse s s s s sesss s sss st ssssssanes 10
1.3.  Organisation of the thesis ... s 12
Chapter 2: Electrode dependent anaerobic ammonium oxidation in microbial fuel
cell integrated hybrid constructed wetlands: A New Process........cummmmsmmnns 15
/70 SR 031 7o LU 0 (o) 00PN 16
2.2.  Materials and MEthOAS. ... sessessesssessessse s sesssessssssesssesssssssssses 18
2.3, ReSUltS and diSCUSSION ....ceueeeereereenreeeessersseeseessessessessessesssesssessesssesssssssssessesssessesssesssesssssssssees 24
2 T 01 4 o L 1] () 41PN 37

Chapter 3: Enhanced Chromium (VI) Treatment in Electroactive Constructed

Wetlands: Influence of Conductive Material ... 38
1 700 IR 01 o Ta L1 U 0 (0 ) s LU0 TSP 39
3.2.  Materials and MEthOAS ... ssesse s sss s sasesaees 42
S J0 N (1] L TSSO 45
1 70 TR B ) £1 0113 U ) o 0TSPTSRO 58
S 7 T 01 4 e L 1] () 41PN 62

Chapter 4: Interrelation of sulphur and conductive materials and its impact on

ammonium and organic pollutants removal in Electroactive wetlands...........c..c..... 64
720 R 00 0 Yo L0 ot 1) o U OO TSP RO 65
4.2.  Materials and MeEthOd. ...t s e neas 67
4.3.  ReSUltS and diSCUSSION ...t ssssssesssssssssssss s s s sss e snsas 72
T S 070) 4 Uod 1D ) () o PP 889

Chapter 5: Influence of applied potential on treatment performance and clogging
behaviour of hybrid constructed wetland-microbial electrochemical

LEChNOLOGIES.... ..o ———————————————————— 91
5.1, INEIOAUCTION coeteeieeeeeeeees et eses s es s s s s s 92
5.2, Materials and MEthOAS. ..ot sesssssessss s ssssssssssssssssssssnes 94
5.3, ReSUlts and diSCUSSION ......oereerreereeeierieseeseeseese e ssssesssssssssss s ssssssesssssssssssssessssssssssssseas 100
5.4, CONCIUSIONS ..ottt ssss s s s s s bbb bnes 11717

Chapter 6: Low-power energy harvester from constructed wetland-microbial fuel

cells for initiating a self-sustainable treatment process.........ccun——nm—. 119
G700 R 031 7o LU 0 () PO 120
6.2.  Materials and MEthOAS. ...t sneas 123

XiX



6.3.  ReSUILS anNd diSCUSSIONS .. sesssesssssssssss s ssssssssssssssssssssssssssessssssssssas 129

6.4. Conclusions and recOMMENdAtiONS ... sesssessesseens 138
Chapter 7: Summary & CONCIUSION .....cccvmsnmsmssmsmmmssssmssssssssssssssssssssssssssssssssssssssssssssssassssssss 140
7.1, SUINMATY cvtrrereresesessesessssessesssssssessessssssssssessssssssssesssssssessesssssssesssssssssssssesssssssssssssssssssssssssssssessssssnns 140
8 01 4 Lo L 1] () 4 U PO 140
7.3, FULUTE WOTK oottt ss s s s 142
2 =) =) 1 (o1 140
72 3 01 4 o G 165
72 3 01 1 s . G/ 167

CUITICULUIN VITAC .uceeiieeierrsnnsrrssnsermns sesmmssssmssssssrsssssessss sessnsses smnssssssssssenssssesssssesssnsesnnsses LO9

XX



Table of Figures

Figure 1-1. Type of CW by macrophytes and by flow regime..........ccccccooeoeiieininie e 2
Figure 1-2. A typical horizontal subsurface flow constructed wetlands..........ccccccceevierneene. 2
Figure 1-3. A typical two-chamber microbial fuel cell..........ccccoviiiiiiiiiin 5
Figure 1-4. Direct and indirect electron transfer to the electrode by EAB.........cccccoccvivieenen. 7
Figure 1-5. Microbial Fuel Cell to Constructed Wetland- Microbial Fuel Cell.......................9

Figure 2-1. Laboratory scale three sets of HFs followed by VUF microcosms namely: A)

CW-MFC-CL, B) CW-MFC-OP and C) CW-NoOrmal........ccccooiiiiiiieiien e e e 20

Figure 2-2. Percentage removal range of TN and NH4+-N in the microcosms of CW-MFC-
CL, CW-MFC-OP and CW-Normal. A) TN in HF and VUF, B) NH4+-N in HF and VUF, C)
Overall TN removal, D) Overall NH4*-N removal.........ccccocoimiiiiniiciinie e 26

Figure 2-3. Percentage removal in the various microcosms of the CW-MFC-CL, CW-MFC-
OP and CW-Normal systems. A) TOC in HF and VUF, B) COD in HF and VUF....................... 29

Figure 2-4. Voltage performance of HF and VUF regions of: A) CW-MFC-CL and B) CW-
MFC-OP; C) Current density of CW-MFC-CL; D) Power density of CW-MFC-CL.................. 31

Figure 2-5. Polarization curve of A) CW-MFC-CL-HF and B) CW-MFC-CL-VUF, with

VaATYING TESISTATICE ...ciiitiieiitiis it sre e sren s e s e sn e s 32

Figure 2-6. A) Microbiological analysis based on Phylum in: CW-MFC-OP, HF and VUF;
CW-MFC-CL, HF and VUF; CW-Normal, HF and VUF; Sludge; B) Phylogenetic tree based
on nitrifying and denitrifying species present in CW-MFC-CL..........ccooiiiiiriir e, 36

Figure 3-1. Schematic of the microcosm setup in the laboratory, graphite based (left) and
normal gravel-based microcosms (right). Graphite gravel was used as a conductive
material to enhance the microbe-based reactions, whereas normal gravel was used to

replicate a traditional CWi..........oo i e re e sne e e B 2

Figure 3-2. The percentage removal of TOC (top) and COD (bottom) in graphite-based

and normal gravel-based MiCrOCOSIMS........cueiieiriiir e e e e e s 46

Figure 3-3. Cr(VI) treatment in graphite-based and normal gravel-based microcosms with

time. These results clearly indicate that when Cr(VI) loading rate increased the treatment

XXi



efficiency of normal gravel-based microcosm decreased. In contrast, graphite gravel-

based microcosm performance was stable throughout the experimental

Figure 3-4. A) Average Cr(III) concentration in influent and effluent samples, B) Green
precipitates on the gravels, C) The dissolved green precipitates from the Graphite gravel

(Left), and Normal gravel (Right).......cccocouiriiniinin i sr e e D 1
Figure 3-5. SEM-EDX analysis of graphite gravel (above) and normal gravel (below)......53

Figure 3-6. Microbial diversity profiling of the initial inoculum, surface and bottom of
graphite and gravel-based microcosm. [Phylum-based classification (top panel), Class-
based classification (bottom)], Phylum results show the relative abundance of microbes
in both types of microcosms, Class result shows the diversification of microbes which was
higher in graphite gravel microcosm than in the normal gravel microcosm and the initial

1500 Y01 01 L6 1o T 56

Figure 3-7. SEM imaging of gravels coated with biofilm / green precipitate. Graphite (a),
with EDX analysis of graphite surface (b), with EDX analysis of normal gravel. Figure 7a
shows precipitation on the graphite gravels, along with the elemental composition of the
precipitate, including the presence of Cr. Similarly, 7b shows biofilm deposition on the

normal gravel along with elemental composition and Cr on the surface of the

Figure 3-8. Scheme of the potential mechanisms of microbial electron transfer/exchange

with electrode (conductive material).......cccovieiiiiiiiniii e e 60

Figure 4-1. The schematic diagram of laboratory-scale microcosms: a. CW-MFC-deplete,

D. CW, C. CW-IMEC-TEPIETE ...ttt st e s e e e e e e e s er e e e ene s 68

Figure 4-2. Statistical analysis of overall percentage removal in continuous mode
operation: a. TOC; b. COD; c. TN; and d. NH4+. The wide range of data lies in the wider
portion of the shape and the narrow portion indicates a small number of data points.
Hence, CW-MFC-replete shows higher ranges of removal in comparison to the other

L] 10 PRSPPI 74

Figure 4-3. SO42- and S%- concentrations of CW-MFC-replete and CW-replete, excluding

samples where S2- was not detected........ooiieiiiiieii e e e s 75

XXii



Figure 4-4. Performance in continuous mode operation, a. Polarization study of CW-MFC-
replete and CW-MFC-deplete; b. correlation of COD and Ecell; and c. Ecell output of the
CW-MFC-replete and CW-MFC-deplete in batch mode operation..........ccccceevvevienieineenes 79

Figure 4-5. SEM imaging with associated EDX analysis of the anode of: a. CW-MFC-
deplete; b. CW-MFC-replete; and c. CW-replete. Figure a’ is a coloured image of
precipitation of all chemical constituents, b’ and b” are the precipitation of all chemical
constituents and sulphur precipitation, respectively; ¢’ and c” are the precipitation of all
chemical constituents and sulphur precipitation,

FESPECTIVELY .ttt ettt e e e e e h e e e e 83

Figure 4-6. XPS survey of a. CW-MFC-replete; b. CW-replete; and c. CW-MFC-deplete; and
high-resolution spectra of: d. CW-replete; and e. CW-MFC-replete. In Figure d and e fitting

of recorded spectrum detected several signals of sulphate (denoted in the figures)......... 85

Figure 4-7. The microbiological analysis of CW-MFC-replete, CW-MFC-deplete, CW-
replete, and CW-deplete, based on: a. Phylum, and heatmap based on b. Class, and c.

Figure 5-1. The laboratory setup of hybrid CW reactors: a. laboratory photos of the three
hybrid-CW setups, b. schematic diagram of one of the hybrids CW (CW-MEC), c.
measurement of perforated pipe used in VUF-CW of all the microcosms, d. the electrical
circuit used in CW-MET for the measurement of current (d’), voltage (d”), and applied

potential through reference electrode () .......coeeerriieiniie e e 96

Figure 5-2. The polarization of CW-MFC and CW-MEC: cathodic and anodic polarization
on the applied potential of 100 to 400 mV and -100 to -400 mV, respectively................. 101

Figure 5-3. Cumulative Ecell of CW-MFC and CW-MEC at different HRTs; the time in

seconds is the average time that data was collected for different HRTSs.......cccccevruernenne 102

Figure 5-4. The range of TOC, COD, TN, and NH4+, removal in all reactors at different

Figure 5-5. The mean value of different trace metals in CW-MEC, CW-MFC, and CW at
L6 E T = Q=) 0 Lol 5 1 2 108

XXiii



Figure 5-6. Microbial communities in the CW-MFC_VUF, CW-MFC_HF, CW-MEC_VUF, CW-
MEC_HF, CW_VUF and CW-HF, based on a. Phylum, and b. Class..........c.ccocsevverrivrenenn 114

Figure 5-7. SEM-EDX image along with elemental mapping image of a. CW-MFC_VUF, b.
CW-MFC-HF, c. CW-MEC_VUF, d. CW-MEC-HF, e. CW_VUF, and f. CW_HF. The abundance

of elements is highlighted with different elemental colour mapping.........c.ccccevvviinenn... 116

Figure 6-1. Electrical schematic of the power harvester and a capacitor connected to the

21D 010000} o J PRSPPI 125

Figure 6-2. Laboratory scale and schematic of microcosms: 2a and 2b is laboratory
picture of R1 and R2 microcosms respectively; 2a’ and 2b’ is schematic of R1 and R2
microcosms respectively, and 2c is a picture of harvester/storage capacitor used for the

0 01 [0 00 1606 1) o o 1 127

Figure 6-3. The voltage represented in the graph is a cumulative voltage over three
months except the period when harvested was connected to R1. An average of 3000
readings each month is presented in the graph. The rise in second month was the period

where aeration was provided to the R1 microCoSM.......c.ccueiieirieriieinin e 130
Figure 6-4. Polarization curve of R1 and R2 microcosm after 150th day of operation....131

Figure 6-5.a) DO conditions of R1, R2, and R1_IA, at the cathode and anode; b) monitoring
of DO conditions with time after TA.......eueeeiiiei i e eessssevereesee e e snenene L3 4

Figure 6-6. Range removal of TOC, COD, TN, and NH4*,in R1,R2,and R1_IA.................... 137

XXiv



Table of Tables

Table 2-1. Average pH and DO at the surface and bottom of all microcosms..........c........ 25

Table 2-2. VSS of the three microcosms at the beginning and in the middle of the

L2 q 012 04 =) o Lo PP 28

Table 3-1. TOC and COD removal in graphite-based and normal gravel-based microcosms

at various Cr(VI) loadings and HRTS........ccco o e e 47

Table 3-2. DO profile of graphite-based and normal gravel-based microcosms at the

LU0 = Lol<I= 0 0 o (<] 00 1510 ) o o 51

Table 4-1. The mean TOC, COD, TN, and NH4+ removal concentration in continuous mode

(0] 07 = U8 10 ) o TP 73

Table 4-2. The mean concentrations of COD, NH4+, S2- and SO42- batch mode

(0] 0152 = 18 10 ) o BT RPRRPTRPR 77

Table 5-1. The mean influent concentrations and removal efficiencies of pollutants at

different HRTs in CW-MFC, CW-MEC and CW.....oooiiiiiiiiiciiee et e e e 105

Table 5-2. The difference in net volume and VSS, and tracer test for all microcosms at the

beginning and at the end of the eXperiments.........cccccovieiviiie e s 109

Table 6-1. Comparison of DO concentration with anode and cathode potential of R1, R2,

and R1_IA and its voltage performance.........ccouuuieiniininsiies e e s e 137

XXV



Abbreviations

cw

FWS

SSF

HSSF

VF

HR

BOD

MFC

MEC

EAB
DIET/DET
IET

PEM

ORR
DIET/DET
SMFC
CW-MFC
COD

BES

HF

VUF

CL

0]

TN

TOC
HF-CW
mm
CW-HF
mg/L or mg/1

Constructed Wetland

Free Water Surface

Sub Surface Flow

Horizontal Sub-Surface Flow
Vertical flow

Horizontal flow

Biological oxygen demand
Microbial Fuel Cell

Microbial electrolysis cell
Electroactive bacteria

Direct Electron Transfer

Indirect electron transfer

Proton Exchange Membrane

Oxygen Reduction Reaction

Direct Electron Transfer

Sediment Microbial Fuel Cell
Constructed Wetland-Microbial Fuel Cell
Chemical Oxygen Demand
Bioelectrochemical System

Horizontal Flow

Vertical upflow

Closed Circuit

Open Circuit

Total nitrogen

Total Organic Carbon

Horizontal Flow-Constructed Wetland
millimetre

Constructed Wetland-Horizontal Flow

Milligram per litre

XXVi



v/v Volume by volume

g/Lorg/l Gram per litre

HRT Hydraulic retention time

VSS Volatile suspended solid

APHA American Public health association
Iw Initial weight of the sample

Fw Final weight of the sample

mg Milligram

DNA Deoxyribose nucleic acid

W Watt

P Power

E Cell Potential

\Y Volt

[ Current

A Ampere

R Resistance

D Dilution rate

X Mass of Cell

1l Specific Growth Rate

CE Coulombic Efficiency

Ce Experimental Coulombic Efficiency
Ct Theoretical Coulombic Efficiency

F Faraday’s Constant

b Number of electrons exchanged per mole of substrate
\ Anodic volume

1 litre

S Substrate concentration

M Molecular weight of the substrate
ANOVA Analysis of Variance

DO Dissolved oxygen

mV Millivolt

XXVii



SEM
EDX
PVC
EDTA
h
AGRF
PZC
GOx
S-replete
S-deplete
SRB
SOB
SHE
Ecenl

M

XPS
XRD
MET
ICP-MS
OLR
DC

Eq

ppb
PMS
CDC

1A

oCcv
MPPT

uw

Scanning Electron Microscopy
Energy Dispersive X-ray
Polyvinyl Chloride
Ethylenediamine tetra acetic acid
Hour

Australian Genome Research Facility
Point of Zero Charge

Glucose Oxidase

Sulphate Replete

Sulphate Deplete

Sulphate Reducing Bacteria
Sulphate Oxidizing Bacteria
Standard Hydrogen Electrode
Cell Potential/Cell Voltage
Molecular Weight

X-ray Photon Spectroscopy

X-ray Diffraction Spectroscopy

Microbial Electrochemical Technology

Inductively coupled Plasma Mass Spectroscopy

Organic Loading Rate

Direct Current

Equation

Part Per Billion

Power Management System
Capacitor Engaged Duty Cycling
Intermittently Aerated

Open Circuit Voltage

Maximum Power Point Tracking
Farad

Days

Micro Watt

XXViii



Seconds

XXiX



[Page intentionally left blank]

XXX



Chapter 1 has been removed
for copyright or proprietary
reasons.

It is the following published book chapter: Srivastava, P.,
Yadav, A. K., Garaniya, V., Abbassi, R., 2019. Chapter 6.3
- Constructed wetland coupled microbial fuel cell
technology: development and potential applications, in,
Mohan, S. V., Varjani, S., Pandey, A., (eds.), Microbial
electrochemical technology : sustainable platform for
fuels, chemicals and remediation, Radarweg,
Netherlands, Elsevier, pp. 1021-1036.


colem
Cross-Out


Chapter 2: Electrode dependent anaerobic
ammonium oxidation in microbial fuel cell integrated

hybrid constructed wetlands: A New Process

Graphical abstract

Abstract

This study provides a new approach of electrode dependent anaerobic ammonium oxidation
(electroanammox) in a microbial fuel cell (MFC) integrated hybrid constructed wetlands
(CWs). The study was carried out in three CWs, each with a horizontal flow (HF) followed by
a vertical upflow (VUF). Two of the CWs were integrated with MFC; one was operated in
closed circuit (CL) mode and the other in open circuit (OP) mode to determine the influence
of electron transfer through an external electrical circuit. The initial nitrogen and carbon
concentrations were 40 mg/l and 880 mg/1, respectively. The total nitrogen (TN), NH4"-N, TOC
and COD removal achieved in CW-MFC-CL were 90.0 £+ 1.15%, 94.4 + 0.75%, 64.8 + 3.0%
and up to 99.5 +£3.4%, respectively. The TN and NH4"-N removal in CW-MFC-CL was 20.0%
and 13.6% higher than the normal CW. The maximum current density achieved in CW-MFC-
HF was of 75 mA/m? and in CW-MFC-VUF was 156 mA/m?>. Furthermore, the study revealed

that even at low microbiological biomass, an MFC integrated CW operating in a closed circuit
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gave higher removal of NH4"-N and COD than the normal CW and open circuit CW-MFC.
The microbiological analysis shows the presence of already known nitrifiers and denitrifiers,

indicating their role in electrode dependent nitrogen removal.

2.1. Introduction

Nitrogen removal involves two significant steps, nitrification and denitrification, making it a
costly and complex process in wastewater treatment. The nitrification step requires an electron
acceptor (such as oxygen) for the conversion of ammonium to the nitrite and nitrate, whereas
for the conversion of nitrate to nitrogen gas in denitrification, an electron donor (such as
carbon) is needed [66]. Constructed wetlands (CWs) are a natural treatment technology for
wastewater. The conventional CW consists of a gradient of oxic, anoxic and anaerobic zones.
The bottom portion of the CW is considered as an anaerobic portion and the uppermost layer
as an aerobic portion [67]. The anaerobic zones of a CW limit the removal of the pollutants

such as NH4" and organics.

On the other hand, the aerobic zone of a CW prevents the removal of pollutants such as NOs".
Hybrid CWs were developed to overcome the problem of anaerobic and aerobic conditions for
such pollutants. The possible designs of a hybrid CW consist of horizontal flow, vertical flow,
combined vertical flow-horizontal flow and several other combinations Vymazal [68]. The
general estimation of total nitrogen from municipal wastewater in HF-CW is around 40%, and
in VF-CW, it is around 75% [20, 31, 69, 70]. Moreover, complete nitrogen removal in a CW
needs aerobic conditions for ammonium oxidation and anaerobic conditions for denitrification.
However, providing external aeration to a CW for ammonium oxidation is not economically

viable and sustainable [69].
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Similarly, the addition of extra carbon to the CW for denitrification is also not economical
viable [71].0n the other hand, an MFC has been reported as an efficient potential technology
for wastewater treatment, including nitrogen and carbon removal [72, 73]. However, several
shortcomings, such as challenges related to the cathode, scale-up, and low energy production,
that have not been implemented in field-level applications [74]. A typical MFC needs an
anaerobic zone and an aerobic zone. These zones provide a redox gradient for flowing electrons
and protons from anaerobic to aerobic zones. Similar, redox gradients are naturally present in
CWs, which can integrate an MFC into a CW. In recent years attempts were made to merge
MFC and CWs to make an integrated CW-MFC technology [32, 62, 75]. The integration of
MFC technology with CW is gaining interest among researchers due to improved treatment
performance and other benefits [33, 63, 76]. It has been reported that integrating MFC
technology into a CW can increase treatment efficiency by 27-49% compared to normal CW
[77]. Corbella and Puigagut [78] reported that the treatment efficiency of CW-MFC closed-
circuit mode was 18% better for COD, 15% better for TOC, 31% better for PO4* and 25%
better for NH4" removal in comparison to CW-MFC operated in open circuit mode. The open-
circuit mode operation of MFC is the situation when the electric circuit is disconnected, which
ultimately hinder the flow of electron from the anode (anaerobic zone) to the cathode (aerobic
zone). Such reported enhancements are due to the presence of electrodes in the anaerobic
portion of a CW-MFC, which act as a temporary electron acceptor in oxidation and transfer the
accepted electron to the cathode through an external wire or other routes [79]. The said process
of electron acceptance and transfer gives the possibility of electricity generation and
enhancement of oxidation of pollutants in an anaerobic environment where electron acceptor
is present in a limited amount [63, 80]. Externally provided anode or conductive material can

act as an artificial electron acceptor in anaerobic zones of CWs for promoting the oxidation of
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pollutants such as NH4"-N and organic materials. On the other hand, externally provided
cathode can act as an electron donor for the reduction of pollutants such as NO2™-N and NO3™-

N [71, 81, 82].

This study was conducted to develop electrode dependent anaerobic ammonium oxidation
(electroanammox), and overall total nitrogen (efficient nitrification and denitrification) from
the wastewater in MFC integrated CWs. A hybrid CW consisting of a horizontal flow path
followed by a vertical flow path has been used. This configuration was adopted under the
assumption that a horizontal bed will provide larger surface area of conductive materials (act
as an electron acceptor) for ammonium oxidation, and denitrification would occur in CW-

MFC-VUF as wastewater will come in contact of anaerobic zone first.

2.2. Materials and methods

2.2.1. Experimental setup

Three laboratory-scale hybrid HF-VUF-CW microcosms were set up. Two of these were
integrated with an MFC, one operated in closed circuit (CW-MFC-CL) mode and the other in
open circuit (CW-MFC-OP) mode. The third microcosm was a normal CW (CW-Normal). All
three microcosms were identical in shape, dimension and planted with common sedges. The
HF-CW dimension was 254 mm X 181 mm X 140 mm (length X width X depth) and the VUF-
CW was 300 mm X 90 mm (length X diameter). The HF-CW was equipped with three ports-
one port was located 10 mm from the bottom while the other two ports were 30 mm below the
surface at the opposite end to the first port. Of the two ports near the surface, one was for
sample collection, and the other was to connect to the VUF-CW (Figure 2-1). The VUF-CW
also had three ports, one 10 mm from the bottom, the second 150 mm from the bottom, and the
third 10 mm from the surface. The CW-Normal-HF microcosm and CW-Normal-VUF

microcosm were filled with normal stone pebbles of @ = 5.0 -8.0 mm. Both CW-MFC-HF
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microcosms were filled with graphite granules (0 = 5.0 -8.0 mm) to a depth of 40 mm
overlayed by a 60 mm layer of normal pebbles (0 = 5.0 -8.0 mm) and a 30 mm layer of graphite
granules (@ = 5.0 -8.0 mm). A few large stones were placed at the ports of the CW-HF
microcosm to avoid clogging. A graphite plate of 100 mm x100 mm (length x width) and 9
mm thickness was inserted in the bottom graphite layer (anode zone) as an electron collector.
A hole was provided in graphite plate to wrap copper wire around the plate tightly to make
maximum contact between wire and plate. The exposed area of wire was then covered with
water-proof non-conductive epoxy to insulate it. A second graphite plate of the exact
dimensions was inserted in the upper layer of graphite (cathode zone) as an electron donor. The
free end of copper wire of both the graphite plates were connected to make a circuit. The CW-
MFC-VUF microcosms were filled to a depth of 100 mm with graphite granules (0 = 5.0 -8.0
mm), overlayed by 150 mm of regular pebbles (0 = 5.0 — 8.0 mm) which was followed by a
50 mm layer of graphite granules (@ = 5.0 — 8.0 mm). A graphite plate of 100 mm x 51mm
(length x width) with a thickness of 9 mm was inserted in the anode zone as an electron
collector. This was connected by a copper wire to a second graphite plate of the same

dimensions inserted in the upper layer of graphite (cathode zone) as an electron donor.
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Figure 2-1. Laboratory scale three sets of HF's followed by VUF microcosms namely: A) CW-
MFC-CL, B) CW-MFC-OP and C) CW-Normal.

2.2.2. Inoculation and operating conditions

The inoculum sludge was taken from a conventional activated sludge-based municipal
wastewater treatment facility in Tasmania, Australia. The microcosms were inoculated with
the 2.0 % v/v sludge with dilution by synthetic wastewater in a 1:1 ratio. The synthetic
wastewater instead of real wastewater was used in this study to control ammonium
concentration in the wastewater. Since this study was to optimise the technology, the varying
concentration of ammonium would not have provided proper information. The composition
was adopted from Yang, et al. [83]. The composition of wastewater was modified to vary the
amount of carbon sources. The composition of the wastewater used was (in g/l): sodium

acetate, 0.5; sodium citrate, 3.0; NH4Cl, 0.8; KH2PO4, 0.5; Na2HPO4.7H20, 1.0; FeSO4.7H20,
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0.1; MgSO0s4, 0.2; trace element solution, 2.0 ml. The trace element solution was the same as
the composition described in the previous literature [83]. All the chemicals were bought from
the company Chem supply, Adelaide, Australia. The initial carbon and ammonium

concentration of the wastewater was 880.0 mg/l and 40.0 mg/1, respectively.

The experiment was commenced in summer with an average room temperature of 23+3°C. The
inoculum was mixed with synthetic wastewater and added to all three microcosms in equal
amounts. Freshly prepared synthetic wastewater was mixed (1:1) with the effluent flowing
from the microcosm on a daily basis for one month. After this time, continuous feeding of
microcosms continued for a further month for stabilization and to achieve a steady-state
condition before analysis commenced. The void volumes of CW-Normal-HF and CW-Normal-
VUF were 2.01 and 0.6, respectively. The void volumes of CW-MFC-HF and CW-MFC-VUF
were 2.21 and 0.651, respectively. Hydraulic retention time (HRT) of 15.0 h was maintained.
The wastewater was prepared daily and added to the reservoir bucket after proper cleaning of
the bucket to avoid any biomass growth. The wastewater was pumped into the HF-CW and
then flowed into the bottom of the VUF-CW. Effluent samples were taken once a week from
the HF-CW as well as VUF-CW of all the microcosms. The volatile suspended solids (VSS)
of all three sets of microcosms were measured at the beginning of the experimental period (two

months after microcosm setup) and again after four months.

2.2.3. Chemical analysis

All samples were filtered through a cellulose syringe filter (0.45um, @=25mm, MicroScience)
before analysis. The concentration of total organic carbon (TOC) and total nitrogen (TN) was
analysed with a Shimadzu TOC-TN analyser (Model TNM-L ROHS). The chemical oxygen
demand (COD) was estimated using the APHA Standard Methods5220D method [84]. The

nitrate, nitrite and ammonium were analysed by ion chromatography (Eco IC, MEP
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instruments, Metrohm). The pH was measured with an Ohaus ST series pen meter (Model
ST20, Australia). The voltage was recorded daily with Nova PC'™K multimeter (PC20,
Australia). The percentage removal of COD, TN, TOC, NH4"-N, NO3™-N and NO2" in HF and

VUF was calculated from Equation (Eq.) 1,

Influent — Ef fluent
Removal % = X 100 Eq.1
Influent

The overall removal efficiency of the microcosm was calculated based on final effluent from

the VUF microcosm and calculated from Eq. 2:

Influent — Ef fluent from VUF
Overall removal (%) = f Ir{j{luent f X 100 Eq.2

The VSS of each microcosm was calculated using Eq. 3.

VSS (mg/l) = b — Ry X 100 Eq.3
sample volume(ml)

Where Fw= final weight of the sample (mg), [w = initial weight of the sample (mg).

2.2.4. Microbial Community Analysis

The phylogenetic analysis of CW-MFC-CL-HF, CW-MFC-CL-VUF, CW-MFC-OP-HF, CW-
MFC-OP-VUF, CW-Normal-HF and CW-Normal-VUF was conducted using 16s rRNA gene
pyrosequencing. The samples, including granules and pebbles and charge collector, were
collected from each microcosm's anode and cathode and vortexed for 15 min at 1000 rpm
before DNA extraction. The FavorPrep soil DNA kit from Favorgen, Fischer Biotech, was used
for extracting genomic DNA by following standard prescribed procedures provided with the
DNA kit. The target sequence, with a forward primer (27F) AGAGTTTGATCMTGGCTCAG
and reverse primer (519R) GWATTACCGCGGCKGCTG was used for diversity profiling

[85].
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2.2.5. Electrochemical and other calculations

The electrochemical parameters were calculated using Ohm’s law from Eq. 4 to 7,

Power (P) = E (V) X I (4) Eq.4
, 4 " (mW> _ p Eq.5
ower aensity m3 /) Anodic volume (m3) T
Current,I(A) = E (V) X R(A) ba.
: L " (TnA) _ 1 Eq.7
urrent density m3)  Anodic volume (m3) N

Polarization studies were done on closed-circuit microcosms (CW-MFC-CL-HF and CW-
MFC-CL-VUF) after they had reached a steady-state by varying the external resistance from
higher to lower between 1MQ to 22Q. Each resistance was maintained for 15 minutes, and after

every 15 minutes, the voltage was recorded.

The microbes' specific growth rate was calculated according to Maier and Pepper [86] for a
continuous system by taking the conversion factor of VSS per gram of biomass from the present
study. As this was a continuous system with wastewater continuously flowing through the
microcosm, the dilution factor was also included in the calculation to determine the system's

exact biomass. Egs. 8 and 9 were used for the calculation:

_ Flowrate (ml/h)
~ total volume of the reactor (ml)

Eq.8

dX— DX Eq.9
dt_“‘X q'

Where X is the mass of cell, p is the specific growth rate (time™'), and D is the dilution rate
(time™!).Further, coulombic efficiency (CE) and energy recovery were calculated using formula

adopted from Liu, et al. [87] Eq. 10:
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Ce
CE = -2 Eq.10
C, 1

Ce = Experimental coulomb efficiency, determined by integrating the current with respect to

time, Ct = theoretical coulomb obtained from Eq. 11:

FbSv
Ct - M

Eq.11

F= faraday’s constant, b= number of electrons exchanged per mole of substrate, v = anodic

volume (1), S= substrate concentration, M = molecular weight of the substrate (g/mol).

2.2.6. Statistical analysis

The statistical analysis such as mean, standard deviation and standard error were calculated

using Microsoft Excel. The significance level taken for calculation was 95% (o = 0.05). The

ANOVA (analysis of variance) test was performed to compare the results of CW-MFC and

CW-Normal.

2.3. Results and discussion

2.3.1. Nitrogen removal

The average influent TN and NH4"-N concentrations were 50.1 + 8.3 mg/l and 43.8 = 5.0 mg/1,
respectively. The overall TN and NH4"-N in CW-MFC-CL were at almost 90.0 = 1.1% and up
to 94.4 + 0.7%, respectively (Figure 2-2). The range of TN and NH4*-N removal of HF and
VUF regions are also shown in Figure 2-2. Furthermore, the overall TN and NH4"-N removal
was approximately 70.0 £ 1.75% and 85.1 + 2.7% in CW-Normal and 80.0 + 1.2% and 89.1+
1.9 % in CW-MFC-OP. The overall TN and NHs"-N removal were found to be high,
particularly in CW-MFC-CL in comparison to CW-MFC-OP and CW-Normal. Moreover,
CW-MFC-OP removal efficiency was still higher than the CW-Normal. In the anaerobic

conditions, the high removal of NH4"-N was found to be interesting. The microcosms'
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anaerobic condition was further justified with the microcosm's DO concentration at the surface
and the bottom. The DO concentration in all the microcosms was low, shown in Table 2-1,
which indicates the microcosms' anaerobic situation. The low DO concentration also shows the
limited availability of an electron acceptor in the deeper or bottom zones. The average pH and
DO concentration of deeper/bottom zones and all the microcosms' surfaces are given in Table
2-1. Though the cathode was exposed to air the measured DO value was not significantly
different from the microcosm's bottom. A similar DO situation for the anaerobic condition is
already reported by [88, 89]. In the low DO situation, with conductive material equipped,
microcosm NH4"-N removal was found to be high. The higher removal of NH4"-N in CW-
MFC-CL and CW-MFC-OP indicates that the electrode was acting as an electron acceptor for
NH4"-oxidation in the absence or deficiency of oxygen. Due to the presence of conductive
material, particularly in the close circuit (CW-MFC-CL), the electron transport mechanism was
favourable for the microbes [90]. Whereas in CW-MFC-OP, due to the lack of electron transfer
or electron build-up, the mechanism was not that faster, which causes lower treatment
efficiency than CW-MFC-CL. The higher removal in CW-MFC-OP than in the CW-Normal
indicates that electrons' transfer was not completely ruled out in the open circuit system. Similar
findings were also reported by Srivastava, et al. [91]. The conclusion about the role of
conductive material for NH4"-N oxidation was arrived at due to the higher removal efficiency
of CW-MFC-CL than the other microcosms under the same conditions. The electron dependent
anaerobic NH4"-N oxidation has also been reported by a number of researchers [66, 71, 92].

Table 2-1. Average pH and DO at the surface and bottom of all microcosms.

Surface DO Bottom DO Surface pH Bottom pH
(mg/) (mg/l)

CW-Normal-HF 0.51+0.24 0.40+0.26 7.240.28 7.20+0.18
CW-Normal-VUF 0.39+0.26 0.35+0.30 7.34+0.22 7.20+0.14
CW-MFC-CL-HF 0.42+0.24 0.38+0.18 7.16+0.12 7.30+0.20

CW-MFC-CL-VUF 0.58+0.23 0.40+0.22 7.20+0.09 7.20+0.12
CW-MFC-OP-HF 0.42+0.25 0.37+0.21 7.25+0.18 7.33+0.13
CW-MFC-OP-VUF 0.50+0.41 0.23+0.24 7.34+0.23 7.19+0.13
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Figure 2-2. Percentage removal range of TN and NH4*-N in the microcosms of CW-MFC-CL,
CW-MFC-OP and CW-Normal. A) TN in HF and VUF, B) NH+"-N in HF and VUF, C) Overall
TN removal, D) Overall NHs*-N removal.

Furthermore, for the first three months of the experiment the average concentration of NO3™-N
was found to be 2.9 mg/l in the CW-MFC-CL-HF, 2.4 mg/l in the CW-MFC-CL-VUF; 3.4
mg/l in the CW-MFC-OP-HF, 1.33 mg/l in CW-MFC-OP-VUF; 1, 4.9 mg/l in CW-Normal-
HF and 3.23 mg/l in CW-Normal-VUF. The average concentration of NO2~ was found to be
0.17 mg/l in the CW-MFC-CL-HF, 0.025 mg/l in the CW-MFC-CL-VUF, 0.125 mg/l in the
CW-MFC-OP-HF, 0.08 mg/l in the CW-MFC-OP-VUEF, 0.125 mg/l in the CW-Normal-HF,

and 0.15 mg/l in the CW-Normal-VUF. The results indicate that NH4"-N was removed with no
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accumulation of NO2-N and NOs™-N. This result also indicates that there would be some
shortcut for electrode dependent anaerobic ammonium oxidation, through which no
intermediate product formation occurs. Interestingly, even with low VSS, NH4"-N removal
capacity of the CW-MFC-CL was high. It also indicates that the biomass of CW-MFC-CL was
more efficient at NH4™-N removal than in the CW-MFC-OP and CW-Normal. The higher
removal efficiency of CW-MFC-CL was due to the efficient microbe electron transfer to the
conductive materials in that system. On the other hand, the CW-MFC-OP removal efficiency
was low due to the limited electron transfer as the MFC's electrical circuit was not connected;
hence, the transfer of the electron was limited. Conversely, in the normal CW, there was limited

availability of electron acceptors in the anaerobic zone; hence the removal was low.

Further, to help elucidate all the microcosms' biomass, the VSS in all reactors was measured.
The VSS analysed at the beginning of the experiment (after two months of inoculation) was
very low, with only minor differences between all microcosms (7able 2-2). After 120 days, it
increased in all microcosms, though not to the same extent in the CW-MFC-CL as in the CW-
Normal and CW-MFC-OP. The VSS of CW-Normal-HF and CW-Normal-VUF were higher
than in the CW-MFC-OP-HF and CW-MFC-OP-VUF and these were in turn higher than in the
CW-MFC-CL-HF and CW-MFC-CL-VUF. As depicted in Table 2-2, it was found that the
VSS of the CW-MFC-CL was lower than the CW-MFC-OP and CW-Normal. Surprisingly,
even with higher VSS, CW-Normal could not compete with the removal efficiency of either
CW-MFC. The CW-Normal and the CW-MFC-OP's removal efficiencies were lower even
though the VSS concentrations were higher than the CW-MFC-CL. The removal performance
of CW-MFC-CL indicates that the micro-organisms present in the CW-MFC-CL were
electrode dependent and more efficient for the removal of NH4'-N in the wastewater than in

the CW-Normal. The microbiological details later in Section 2.3.4. will give more insight into
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it. The VSS of CW-MFC-OP was higher than the CW-MFC-CL, but the removal was still less
because of the open circuit and limitation for the electron transfer from anaerobic zones to
aerobic zones. The differences in VSS in different microcosms and their treatment
performances clearly indicate their respective efficiencies. The microcosm with
electrodes/conductive materials produces less biomass, but the said biomass efficiencies are
higher than the biomass produced in normal microcosms. The results also revealed that
efficient electron transfer from anaerobic zones to aerobic zones also influences microcosms'
treatment performance. The lesser biomass generation may further help avoid clogging in the
system. Such a system may also tolerate higher loads of pollutants without being adversely

affected.

Table 2-2. VSS of the three microcosms at the beginning and in the middle of the experiment.

Duration CW-MFC- CW-MFC- CW-MFC- CW-MFC- CW-Normal- CW-Normal-
CL-HF (mg/l) CL-VUF OP-HF OP-VUF HF (mg/l)  VUF (mg/l)

(mg/1) (mg/1) (mg/1)
60 days after 101 107 90 88 115 70
inoculation
120 days after 940 466 1900 1120 2200 5466
inoculation

2.3.2. COD and TOC removal

The average influent TOC and COD were 840 =20 mg/l and 1014 + 10 mg/l, respectively. The
variation in TOC and COD concentration is due to the presence of other chemical constituents
in influent wastewater, which themselves contains COD. The three microcosms' overall
removal efficiency was based on the TOC and COD in the final effluent from the VUF. The
final TOC removal in the CW-MFC-CL was as high as 64.8 = 3.0%, while COD removal was

99.5 + 3.54%. The performance of the CW-MFC-OP was close to that of the CW-MFC-CL at
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62.4 + 1.5% for TOC removal and 97.7 + 1.1% for COD, whereas the TOC removal in the
CW-Normal-VUF was 55.9 + 1.7% and 95.5 + 2.5% for COD removal.

Figure 2-3 show the range of percentage removal of COD and TOC in the HF and VUF of all
the microcosms. The overall removal efficiency of all the microcosms is present in Appendix
1, Figure Al. From the initial influent concentration, the HF microcosm had removed the bulk
of COD and TOC, and then the remainder had been removed in the VUF microcosm. The
reason behind the difference in total TOC and COD removal was the possibility of the presence
of autotrophic bacteria, which was dependent on NH4"-N instead of carbon. That could also be
a reason for the almost complete removal of COD compared to the much lower removal of
TOC. The microbiological analysis presented later also indicates the presence of autotrophic
bacteria in the anode of microcosms. Overall the removal performance of CW-MFC-CL was
high in comparison to CW-MFC-OP and CW-Normal due to the presence of an electrode that

was acting as an artificial electron acceptor in the anaerobic conditions [63, 79].
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Figure 2-3. Percentage removal in the various microcosms of the CW-MFC-CL, CW-MFC-
OP and CW-Normal systems. A) TOC in HF and VUF, B) COD in HF and VUF.
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2.3.3. Bioelectricity generation

The voltage output of the CW-MFC-CL along with the open-circuit voltage of the CW-MFC-
OP was assessed during the whole experimental period. The maximum voltage achieved from
the CW-MFC-CL-HF was on an average 80 mV, whereas in CW-MFC-CL-VUF, it was almost
95 mV (Figure 2-4). The voltage output was very low in comparison to other CW-MFC closed-
circuit systems studies, such as Oon, et al. [93] reported 421.7 mV, Liu, et al. [94] with 598-
713 mV, Zhao, et al. [62] 371.14 £ 78.97 mV to 495 mV Shen, et al. [95] with 558.50 mV,
399.80 mV, 358.00 mV and 336.00 mV. Moreover, the open-circuit voltage of the CW-MFC-
OP-HF and the CW-MFC-OP-VUF was higher than the closed-circuit in the present study. In
the closed-circuit system, the voltage was restricted by the internal resistance, such as ohmic
resistance and the electrode over-potential [69]. The voltage achieved could also be affected
by COD concentration at the anode, pH, temperature and substrate conversion frequency [79].
The low DO condition at the cathode of CW-MFC could also be the reason for low voltage
performance. Liu, et al. [96] has also reported that DO within the present study range could
also hinder the electron transfer at the cathode, due to which electricity generation could be
affected. The maximum power density achieved in the CW-MFC-CL-HF was 12.4 mW/m’
while in CW-MFC-CL-VUF, it was 25 mW/m? (Figure 2-4). It was also found that increasing
COD normally decreased the electricity generation in CW-MFCs [63]. The reason behind low
electricity generation could be due to the consumption of all the dissolved oxygen by an
elevated amount of COD which could lead to the anaerobic situation throughout (reduction or
elimination of redox gradient) filter bed of CW. The redox gradient is required for generating
electricity. Furthermore, the current density achieved in the CW-MFC-CL-HF and the CW-

MFC-CL-VUF was 75.09 mA/m? and 156 mA/m?, respectively (Figure 2-4).
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Figure 2-4. Voltage performance of HF and VUF regions of: A) CW-MFC-CL and B) CW-
MFC-OP; C) Current density of CW-MFC-CL,; D) Power density of CW-MFC-CL

The polarization study was performed to gain an understanding of the internal resistance in
closed circuit microcosms. The CW-MFC-CL-HF voltage was in the range of 34.0 to 27.2mV,
whereas in CW-MFC-CL-VUF, it was 41.0 to 42.0mV. The polarization curves of CW-MFC-
CL-HF and CW-MFC-CL-VUF are shown in Figure 2-5. The maximum power density and
current density achieved was 224 mW/m® and 1706 mA/m?>, respectively. In a typical MFC
treating kitchen wastewater, Mohamed, et al. [97] achieved a power density of 41.5+1.2
mW/m and a current density up to 135 mA/m™. Similarly, in a dual-chambered MFC treating

nitrogen rich wastewater achieved 0.54 W/m-3 of power density and 6.51 A/m™ of current
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density. The achieved power and current density in CW-MFC are significantly lower than
MFC; however, there are several factors that creates electron losses in CW-MFC. The major
loss was found to be due to ohmic loss [98]. Logan [99], Corbella, et al. [100] have also stated
that insufficient mass transfer to and from the electrode can hinder the reaction rate, as well as

electricity generation.
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Figure 2-5. Polarization curve of A) CW-MFC-CL-HF and B) CW-MFC-CL-VUF, with
varying resistance.

The achieved Columbic efficiency (CE) was 0.97% in the CW-MFC-CL-HF and 6.67% in the
CW-MFC-CL-VUF. The reason for low CE could be due to the use of electrons for purposes
other than electricity generation, such as denitrification. Lower CE may also be due to electrons
bypassing the external electrical circuit and transferring via other routes due to the microcosm
design (membrane-less system with no sharp compartmentalisation of anodic and cathodic
zones) and operation (flowthrough of water). Many studies have reported that CE could be
lower due to several other factors, such as anaerobic bacteria, which dominate the anode

portion using the electrons [101, 102].

2.3.4. Microbial Community Analysis
The microbiology of the HF and VUF microcosms was characterised based on 16S rDNA
sequencing. This showed a higher diversity of micro-organisms in all the microcosms than in

the original inoculum. Figure 2-6 illustrate the microbiological diversity based on phylum for
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the HF and VUF of all microcosms and the inoculum. The result of all microbiological analyses
indicates that the microbiological diversity/distribution and the population were high in the
CW-Normal microcosm. The result is complementary to the result of VSS for the CW-Normal
microcosm. The VSS of CW-Normal microcosm was higher than for the CW-MFC-OP, which
was in turn higher than the CW-MFC-CL, and the same trend was followed for the
microbiological population. The most abundant bacteria found in the anaerobic region of the
CW-Normal microcosm was from the phylum Proteobacteria (77%,), followed by Firmicutes
(9.5%), Fusobacteria (4.6%), and then Bacteroidetes (4.6%5).On the other hand, in the anode
region of the CW-MFC-CL the phylum Lentispaerae (33.7%) predominates, followed by
Proteobacteria (12.3%), Bacteroidetes (11.9%), Firmicutes (11.8%), and Tenericutes (11.8%),
and the remainder of organisms from another phylum was less than 1%. A similar trend was
found in CW-MFC-OP. The main micro-organisms that dominate the CW-Normal-HF were
from the phylum Proteobacteria. The largest population was from class f3-Proteobacteria,
which accounts for 38.7%. Further details about microbiology at the surface and at the bottom

of all the microcosm based on Class are given in Appendix 1 (Figure A2).

On the other hand, f3-Proteobacteria accounted for12.3% in the CW-MFC-CL-HF,22% in the
CW-MFC-CL-VUF, 8.4% in the CW-MFC-OP-HF and22.2% in the CW-MFC-OP-VUF.
Furthermore, bacteria from class Lentisphaeria and phylum Lentispaerae, reported as nitrogen
fixation bacteria [103], dominated the CW-MFC-CL. In addition, Yilmaz, et al. [103] also
reported Proteobacteria, Bacteroidetes, and Firmicutes as denitrification and nitrogen
fixation bacteria (Figure 2-6). Tenericutes has been reported as abundant in a reducing
environment [104]. Furthermore, bacteria from the phylum Planctomycetes were found
highest in the population in the CW-Normal microcosm than the other microcosms.

Interestingly, Anammox, also belongs to phylum Planctomycetes, which was completely
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absent in all the microcosms. Only micro-organisms from the genera Phycisphaerae (0.5%)
and Pirellulales (0.1%) were present in the CW-MFC. The presence of different genus of
Planctomycetes indicates that there could be a possibility of some other bacteria than the
annamox from genus of Planctomycetes playing a role in ammonium oxidation. Furthermore,
the presence of Geobacter was only 0.1% in the CW-MFC-CL and 0.4% in the CW-Normal.
However, in sludge it accounts for 0.3%. The absence of Geobacter has also been reported in
electrode dependent anaerobic ammonium oxidation in a MEC (microbial electrolysis cell)
[92, 105-107]. In addition, they reported that Pseudomonas species were responsible for
transferring electrons to the electrode and worked as an electron shuttle. Furthermore, the
bacteria from class [-proteobacteria, genus Rhodocyclaceae, which is known as an
autotrophic denitrification bacteria [108], was present in all the microcosms. However, the
highest population was in the CW-Normal microcosm. Other autotrophic denitrification
bacteria from class f-proteobacteria, genus Thiobacillus, were absent in the CW-Normal
though present in CW-MFC-CL (0.4%) and CW-MFC-OP (0.3%) [109, 110]. Additionally,
some other bacteria from genus Hydrogenophaga, a heterotrophic denitrification bacterium,
were present in the CW-MFC-CL and CW-MFC-OP; however, they were absent in the CW-

Normal.

Microbiological analysis indicates that traditional nitrification/denitrification bacteria and
other bacteria, even in the low population, were able to remove total nitrogen in MFC
integrated CW. Many bacteria that participate in the denitrification process were abundantly
present in all the microcosms [109]. That could be the one reason for no trace of NO2-N and
NOs-N at the later stage. Another reason could be the microbes in the presence of the
electrode were using other pathways or shortcut pathways to convert it into gaseous forms.

Moreover, further exploration is required to prove the above-said statement.
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Furthermore, all the bacteria which take on the role of an electrode in CW-MFC for TN
removal have been categorised as electrode (Electro) dependent anaerobic (an) ammonium
(amm) oxidation (0x) and the process was termed as Electroanammox. However, this study
only indicates that, in the presence of electrode, microbes were efficient for TN removal than
the CW-Normal. This shows that there was a role of the electrode for ammonium oxidation.
Still, further study is needed to understand the dominant bacteria for the Electroanammox
process and ammonium oxidation pathway while using an electrode as an electron acceptor in

anaerobic conditions.

A
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Figure 2-6. A) Microbiological analysis based on Phylum in: CW-MFC-OP, HF and VUF;
CW-MFC-CL, HF and VUF; CW-Normal, HF and VUF; Sludge; B) Phylogenetic tree based
on nitrifying and denitrifying species present in CW-MFC-CL.

Furthermore, the specific growth rate of biomass in the CW-Normal was calculated to be
higher than in the other microcosms. The D and p of CW-MFC-CL and CW-MFC-OP were
found to be 0.066 ml/h and 1.066, respectively. On the other hand, in CW-Normal, D and p
were found to be 0.072 ml/h and 1.072, respectively. Moreover, even with a higher biomass
generation, the removal efficiency was low in CW-Normal. Additionally, high biomass
generation signifies that the chances for clogging in CW-Normal is higher than the CW-MFC.
The positive characteristic of CW-MFC is that it had a low biomass generation rate while
maintaining a high removal efficiency capacity, which also could be a solution to preventing

clogging in CW.
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2.4. Conclusions

A microbial fuel cell integrated into an HF-VUF-CW has been proven to be an efficient
technology for organics and nitrogen removal from wastewater. The study also showed that a
conductive material-based CW produced low biomass (low VSS) while retaining high-
performance capabilities. This signifies that electro-active microbes are more efficient at TN
removal than normal microbes, even at a low population number. Additionally, low biomass
generation in MFC integrated CW could be a solution for preventing CW from clogging for a
long-term operation. The most important finding was that anaerobic ammonium oxidation
could be possible with a solid electron acceptor. The finding of this study indicates that there
is a possibility of other pathways for anaerobic ammonium oxidation. Further understanding
of anaerobic ammonium oxidation with a solid electron acceptor may also change the nitrogen

cycle's existing understanding.
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Chapter 3: Enhanced Chromium (VI) Treatment in

Electroactive Constructed Wetlands: Influence of

Conductive Material

Graphical abstract

Organic Carbon

Abstract

A constructed wetland (CW) microcosm based on conductive graphite gravel was investigated
for hexavalent chromium (Cr(VI)) treatment from synthetic wastewater. Its performance was
evaluated and compared with a traditional gravel-based CW microcosm. The microcosms were
operated at varying initial Cr(VI) concentrations (5-20 mg/L) and hydraulic retention times
(HRT) (3-7.5 h). Near-complete treatment (99.9+0.06%) was achieved in the graphite-based
microcosm throughout the experiment. The performance was consistently high throughout,
with 42.9% improvement in Cr(VI) treatment compared to a traditional gravel microcosm.
Scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX)
analysis indicated that chromium was adsorbed to microbial biofilms. Moreover, microbial
diversity profiling suggested that the microbial population in both microcosms differed in

diversity and communities. The results suggest that the use of conductive materials in CW
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significantly enhances the treatment of Cr(VI) and, more importantly, allows microbial activity

even at high levels of Cr(VI) in the CW.

3.1. Introduction

Constructed wetlands (CWs) with an integrated microbial fuel cell (MFC) or another bio-
electrochemical system such as microbial electrolysis cells (MEC) are gaining considerable
attention owing to their enhanced wastewater treatment efficiency as well as their electricity
generation potential [63, 71, 80]. The various forms of bioelectrochemical systems (BESs),
such as MFCs [32] and MEC [71] have been successfully integrated into CWs and shown to
enhance pollutant removal efficiency. So far, CW-MFC has been examined for different
wastewater such as municipal wastewater [111], dye-containing wastewater [33, 76], and
industrial wastewaters [80]. CW technologies are also used to treat (heavy) metal-contaminated
wastewater as it involves multiple mechanisms of treatment such as adsorption on the substrate,
biosorption and uptake by plants and microbes, co-precipitation, sedimentation, etc. In the CW,
co-precipitation occurs mainly in the presence of other metals. For example, Maine, et al. [112]
have reported that heavy metals such as Cr can be co-precipitated with iron in CW. On the
other hand, according to Sheoran and Sheoran [113], sedimentation is another efficient process
for the removal of heavy metals in natural or constructed wetlands. Prior to the sedimentation,
precipitation and co-precipitation should occur to make larger flocs settle down in wetlands to
remove the heavy metals from wastewater [113]. However, the main mechanism for the
removal of heavy metals in CWs is believed to be adsorption on various surfaces. Therefore,
as the available sorption sites become exhausted, a drop in the removal efficiency is often
observed [114]. Industrial wastewater, in particular, may contain considerable amounts of
heavy metals, e.g. mercury, cadmium, chromium, selenium and lead [115]. Chromium (Cr),
owing to its wide range of industrial applications, is one of the major toxic heavy metals of

concern [116]. The maximum permissible limits of total Cr in drinking water is established as
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0.1 mg/1 by the United States Environmental Protection Agency [117, 118]. When released into
the waterways, it poses a threat to ecological entities and human health, including an elevated
risk of stomach and skin tumours, liver and kidney damage. It has the potential to interfere with
DNA transcription process [115, 119]. Cr(VI) is known to be a more hazardous form of Cr
[120]; its toxicity persists in the environment due to its slow rate of conversion [115, 121].
There are some treatment technologies that convert toxic Cr(VI) to the less toxic Cr(IIl) form

[122], as described in Reaction 1 [123]:
Cr,0% + 14H* - 2Cr3* + 7H,0 Reaction 1

Cr(Ill) is a less-toxic form of Cr, which is commonly found in groundwater. At low
concentration, it is an essential element for metabolism in various organisms, including humans
[115, 119]. Microbially catalysed reduction reactions are well known, and various aerobic and
anaerobic bacteria have already been reported for the reduction of Cr(VI) to Cr(Ill) [124].
According to Wu, et al. [125], microbially catalysed reactions are a safe and sustainable

process. Reaction 2 [122] and 3 [125] are examples of microbial mediated reduction reactions:
CrO2- +8H* +3e™ - Cr3t + 4H,0 Reaction 2
CrO%= + 6Fe?* + 14H* - 2Cr3* + 6Fe3* + 7H,0 Reaction 3

In recent years, a wide range of electroactive microbes (or electrogens) such as Bacillus,
Sulphovibro, Ochrobacterium, Pseudomonas and other bacterial species have been reported
for the reduction of metals [119]. Electro-active bacteria in the bioelectrochemical systems use
conductive materials for electron transport and have been studied for metal removal and
recovery at lab scale MFCs [126]. Conductive materials such as graphite gravels are low-cost
materials that have been used previously for CW-MFCs in lab-scale studies for wastewater
treatment and electricity generation [91, 127]. Graphite is a crystalline form of elemental

carbon with a hexagonal structure of atom arrangement [32]. The graphite electrodes are
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proven to be a conducive and stable conductive material. The CW-MFC study showed higher
chemical oxygen demand (COD) removal than the traditional (normal gravel-based) CW. In
the CW-MFC, the conductive material functioned as either an artificial electron acceptor in the
anaerobic environment, which promoted high oxidation or an electron donor for reduction
reactions [71, 91]. In the present study, a CW incorporated with conductive material was
investigated without any external electrical connection. A CW incorporating a conductive
material system is quite similar to any BES, except for the absence of an electrical connection.
As mentioned earlier, CW-BES have received a lot of attention to enhance the pollutant
treatment from wastewater. However, these systems have been mainly examined for open and
closed circuit operation [75, 128]. Studies without an electrical circuit in snorkel mode

(throughout filled with conductive materials) are minimal [128].

The present study aimed to investigate a conductive material-based CW performance for
treating Cr(VI) containing wastewater. The conductive material used in the present study was
graphite granules, which had 99.5% carbon, 0.5% ash, and volatile matter. Different Cr(VI)
concentrations were investigated to evaluate a conductive material-based CW's performance
compared to normal gravel-based (traditional) CW. Adsorption behaviour of conductive
material (graphite granules) and regular river gravel were studied in order to establish their role
in the treatment. Further, the microbial analysis was carried out to identify various microbial
communities and potential mechanisms. Finally, solid-phase characterization by scanning
electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDX) was
also performed to decipher the role of surface processes in the treatment. This is the first study

of conductive material-based CWs for Cr(VI) treatment to the best of our knowledge.
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3.2. Materials and methods

3.2.1. Microcosm fabrication and installation

Two single-chamber vertical CWs were fabricated using polyvinyl chloride (PVC) rigid pipe
(height - 34.5 cm; diameter - 9.0 cm). One of the microcosms was filled with graphite gravel
(0.4 - 0.8 cm diameter) to the height of 32 cm (Figure 3-1). The second microcosm was filled
only with normal river gravel to the same height (0.4 - 0.8 cm diameter). Both microcosms
were fed with synthetic wastewater in continuous up-flow mode with the help of a peristaltic
pump (Masterflex). The void volume of each of the microcosms was 550 ml. A reservoir bucket
filled with synthetic wastewater was used for regular feeding of the microcosms. The reservoir
bucket was washed thoroughly daily to remove any biomass growth on the walls and re-filled
with freshly prepared synthetic wastewater. Effluents from the microcosms were collected into

effluent buckets, provided separately for each microcosm.

Peristaltic pump

Normal gravel
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Figure 3-1. Schematic of the microcosm setup in the laboratory, graphite based (left) and
normal gravel-based microcosms (rvight). Graphite gravel was used as a conductive material
to enhance the microbe-based reactions, whereas normal gravel was used to replicate a
traditional CW.

3.1.1. Wastewater preparation and inoculum source
The synthetic wastewater used in this study contained: 0.1 g/l CH3COONa, 3.0 g/l Na3CcHs507,
0.8 g/l NH4Cl, 0.5 g/l KH2PO4, 1.0 g/l Na2HPO4.7H20, 0.1 g/l FeSO4.7H20, 0.2 g/l MgSOa,

and 2 ml/l trace element solution. Trace element solution contained: 3.0 g/l FeSO4.7H20, 0.01
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g/l H3BO3, 0.01g/L NaxMo0O4.2H20, 0.02g/1 MnSO4.H20, 0.01g/l CuSO4.5H20, 0.01 g/l
ZnS04, and 0.5 g/l ethylenediaminetetraacetic acid (EDTA). The wastewater was designed to
mimic general wastewater and not to represent any specific industry type. The desired amount
of K2Cr207 as a Cr(VI) source was also added to the wastewater. Three different concentrations
of Cr(VI) (5 mg/l, 10 mg/l, 20 mg/l) were studied. Both microcosms were inoculated with
sludge inoculum (2.0% v/v) collected from a local sewage wastewater treatment plant in

Launceston, Tasmania, Australia (TasWater).

3.1.2. Experimental design, operation, and analytical methods

After the addition of inoculum, the microcosms were acclimatized for a four-week period in
recirculation mode with periodic changes of synthetic wastewater. The microcosms were then
switched to the continuous flow mode at an HRT of 7.5 h. For the next 60 days, the feeding
concentration of Cr(VI) was held at 5 mg/l at an HRT of 7.5 h, providing a Cr(VI) loading rate
of 0.6 mg Cr(VI)/l/d. To estimate the treatment efficiency at higher concentration of Cr(VI),
the concentration was then further increased to 10 mg/l (corresponding loading rate 1.0 mg
Cr(VD/l/d) for 30 days and further to 20 mg/l for the next 30 days at the same HRT
(corresponding loading rate 2.0 mg Cr(VI)/I/d). Following this, the HRT of microcosms was
decreased to 5 h and subsequently to 3 h at the Cr(VI) concentration of 20 mg/1, and the loading

rate was 4.0 mg Cr(VI)/l/d and 6.0 mg Cr(VI)/l/d, respectively.

The total carbon concentration in the influent was kept constant throughout the experiment.
However, with the change in HRT, the organic loading rate of the microcosms increased from
30 mg COD/I/d for the 7.5-h HRT, to 50 mg COD/I/d for 5-h HRT, and 80 mg COD/I/d for 3-
h HRT, respectively. The effluent from both the microcosms was collected into a separate
bucket, from which the sample was taken. The experiments were run in continuous mode. After
achieving a steady-state, samples were collected in triplicate each week and all analysis was
done in triplicate. Total organic carbon (TOC) was analysed with a Shimadzu TOC-L analyser

43



(Model TNM-L ROHS). COD was analysed using the spectrophotometric method as described
in the APHA Standard Methods 5220 D [84]. The conversion of Cr(VI) to Cr(IIl) was also
followed using the spectrophotometric method [129, 130]. Iron was analysed using the APHA
spectrophotometric method [84]. Volatile suspended solids (VSS) were analysed using the
method described in APHA Standard Methods at the beginning of the experiment (after 20
days of inoculation), in the middle (after 3 months) and at the end of the experiment (after 6
months). The VSS was done on the basis of free-floating biomass from the microcosms to
avoid any disturbance in the microcosm setup during the experiment.

Regression analysis was performed using the Microsoft Excel 2016 data analysis tool to

determine the significance of data and to statistically validate the trend of treatment

efficiencies of Cr(VI) along with other parameters.

3.1.3. Microbial analysis

The initial microbial population was identified from the fresh inoculum collected from the
wastewater treatment plant. At the end of the experiment, the second set of samples were taken
from the top (at the height of 28 cm) and bottom (at 4 cm from the bottom) of both microcosms.
A representative amount of gravel (~150.0 grams wet weight) and ~ 150.0 ml wastewater were
taken from each microcosm and thoroughly vortexed before DNA extraction using a soil DNA
kit (Favorgen, Fischer Biotech). Extracted DNA was then sent to the Australian Genome
Research Facility (AGRF) for diversity profiling. The amplicon sequencing was performed
with the target 27F-519R, reverse primer (GWATTACCGCGGCKGCTG) and forward primer

(AGAGTTTGATCMTGGCTCAG).

3.1.4. Surface Morphology Analysis
The surface morphology, precipitate covering and microbial biofilm on the gravels were

investigated with Scanning Electron Microscopy analysis (SEM), Hitachi SU-70 field emission

44



SEM. The elemental composition was determined by the attached Energy Dispersive X-ray

(EDX) spectroscopy, Oxford AZtec XMax80 EDX system.

3.1.5. Adsorption study

For the adsorption properties analysis of both types of gravel, batch experiments were
performed by adding 5.0 g of each gravel type (normal gravel and graphite gravel) into two
separate glass beakers filled with 100 ml of 20 mg/l1 Cr(VI) containing the same wastewater at
room temperature (21£3.0°C) with intermittent manual shaking. Samples for Cr(VI) analysis
were collected from these solutions at time intervals of 0, 12, 24, 48 and 72 h. The percentage
of Cr(VI) treatment was determined by comparing initial and final Cr(VI) concentrations, as

shown in Equation 1:

Initial concentration — Final concentration
% of Cr(VI)removal = — - X 100 Eq.1
Initial concentration

3.2. Results

3.2.1. Organic matter removal and Cr(VI) treatment

Figure 3-2 depicts TOC and COD removal in graphite-based and normal gravel-based CW
microcosms. The TOC concentrations in the influent wastewater were found to range between
230£3.0 to 267+3.0 mg/1 at an organic loading rate of 30 mg/COD/I/d. At this organic loading
rate, the highest percentage of TOC removal observed in the graphite gravel-based microcosm
was 64.7£2.8%, and in the normal gravel-based microcosm, it was 63.8+3.1%. At the same
HRT, the highest percentage COD removal observed in the graphite gravel-based microcosm
was 93.8+£3.0%, and for the normal gravel-based microcosm, it was 86.9+4.0%. Figure 3-2
shows that when the organic loading rate increased, the percentage removal of TOC and COD
decreased. The TOC and COD removal was also found to be dependent on the loading rate of
Cr(VI). Table 3-1 shows the relationship between TOC and COD removal with a loading rate

of Cr(VI) at different HRTs. The results show that the TOC and COD removal was dependent
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on the Cr(VI) loading rate for both the microcosms. As shown in 7Table 3-1, even on the same
organic loading rate with the change in Cr(VI) loading, the removal rate of TOC and COD has
decreased subsequently. The difference in TOC and COD removal from the microcosm
indicates that the removal was dependent on both autotrophic and heterotrophic types of
bacteria. COD removal was always higher than TOC removal. Higher COD removal than TOC
removal has also been reported by Srivastava, et al. [131]. Furthermore, various researchers
have reported that Cr (VI) microbial treatment always remains low in carbon deficient
conditions [125, 132, 133].

Srivastava, et al. [127] has estimated the carbon balance for their electroactive constructed
wetlands. The microcosm setup was similar to this study and found that out of total removed
carbon, 5.48 % of carbon was utilized in biomass synthesis, 0.34 % was used in electricity
generation, while 33.99 % of carbon was used for other purposes such as conversion to gases,

or mineralized etc.
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Figure 3-2. The percentage removal of TOC (top) and COD (bottom) in graphite-based and
normal gravel-based microcosms.
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Table 3-1. TOC and COD removal in graphite-based and normal gravel-based microcosms
at various Cr(VI) loadings and HRTs.

Organic Cr(VI)

Cr(VI) lotadlng loading Graphite-based-microcosm Gravel-based-microcosm
Concentr rate (mg rate
. HRT COD/I/d
ation (h) ) (mg
1 D/
(mg/l dc)r(v w COD TOC (%) COD (%) TOC
(%) (%)
83.5-92.3 46.1 - 64.7 83.5-86.3 46.1 - 63.8
5.0 7.5 30.0 0.6
72.2-93.8 57-59.6 68.7-91.4 57.2 -60.0
10.0 7.5 30.0 1.0
64.1 - 66.1 37.4-52.9 60.3 - 62.0 354 -54.6
20.0 7.5 30.0 2.0
394 -63.1 30.4-353 342-45.2 24.1-25.6
20.0 5.0 50.0 4.0
62.1-62.9 252-353 27.8-49.7 24.0-27.9
20.0 3.0 80.0 6.0

Volatile suspended solids (VSS) were used in this study to estimate the suspended biomass
present in the microcosms. The VSS result shows that when Cr(VI) loading rate was increased
from 0.6 mg Cr(VI)/lI/d to 2.0 mg Cr(VI)/l/d, VSS decreased from 4888 mg/l to 1350 mg/I1 (a
72% decrease) in the graphite gravel microcosm. Additionally, in a normal gravel-based
microcosm it decreased from 20,894 mg/1 to 2,690 mg/l (an 87% decrease). By the end of the
experiment, the VSS values had increased to 12,893 mg/l in the graphite gravel-based
microcosm and to 7,560 mg/l in the normal gravel-based microcosm. These results indicate
that biomass concentration was less affected at an elevated Cr(VI) concentration in the
graphite-based microcosm. Based on the general principle of MFC, an anode (conductive
material) acts as an electron acceptor in the anaerobic zone. The conductive materials at the
anode act as an electron acceptor that assists microbes in oxidising substrates/pollutants, which

subsequently produces electrons and protons. These electrons are transferred from anaerobic
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to the aerobic region (cathode), where they work as an electron donor and assist abiotic or
microbial reduction reactions. The presence of conductive materials in two different redox
conditions promotes oxidation and reduction. Therefore, any biocompatible conductive
material should be able to perform redox reactions in bioelectrochemical systems. Based on a
few published literatures on BES, conductive materials have a positive impact on the treatment
efficiency of industrial wastewater treatment [134, 135].

Bhatnagar, et al. [136] have also reported graphite as a conductive material for electrochemical
degradation of COD and colour from the textile industry wastewater. Furthermore, they have
also mentioned that in recent years bioelectrochemical technologies are gaining a lot of
attention for industrial wastewater treatment. Graphite is a crystalline form of carbon; in most
of the bioelectrochemical systems, it has been used in the form of electrodes/conductive
material. In most of the bioelectrochemical systems, it has been used either in the form of pure
carbon or graphite; for example, Tandukar madan [133] has used graphite plates as an anode
and cathode whereas Li, et al. [137] has used carbon felt as an anode and graphite as a cathode.
Based on Bhatnagar, et al. [136], a significant perspective of using conductive materials in
industrial wastewater eliminates the redox chemicals that further avoid subsequent treatment.
Further, the use of such systems could run in a controlled manner with close control on
reactions by providing applied potential or current.

Additionally, it can also provide on-site treatment, and due to the efficient reaction rate in the
presence of conductive material, it would not require a large space. BES still has a few
challenges, mainly because oxygen is used as a main oxidant at a cathode due to its abundance
and high reduction potential. However, the oxygen reduction reaction (ORR) at carbon or
graphite electrode (low-cost cathode material) is still one of the challenges due to its high over-

potential and low kinetics [131].
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Furthermore, the increase in Cr(VI) loading from 0.6 mg Cr(VI)/l/d to 6.0 mg Cr(VI)/l/d, had
very different effects on the graphite gravel-based microcosm and the normal gravel-based
microcosm. The graphite gravel-based microcosm showed continuous Cr(VI) treatment of
99.9+0.06% throughout the experiment, regardless of the Cr(VI) loading in the influent. On the
other hand, while the percentage treatment of Cr(VI) was also observed to be up to 99.9+3.25%
in the normal gravel-based microcosm up to a loading rate of 2.0 mg Cr(VI)/I/d, it decreased
to 57£3.25% at a loading of 6.0 mg Cr(VI)/l/d (Figure 3-3). The treatment rate in both
microcosms was compared statistically and the P-value was found to be less than 0.05. This
suggests that the null hypothesis was true, and the microcosms were significantly different in

terms of treatment with an increase in the Cr loading rate.
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Figure 3-3. Cr(VI) treatment in graphite-based and normal gravel-based microcosms with
time. These results clearly indicate that when Cr(VI) loading rate increased the treatment
efficiency of normal gravel-based microcosm decreased. In contrast, graphite gravel-based
microcosm performance was stable throughout the experimental period.

Cr(IIT) concentrations were also measured in effluent samples of both the microcosms. The
concentration of Cr(IIl) varied with changing Cr(VI) concentration. With initial Cr(VI)
concentrations of 5, 10 and 20 mg/l, the average Cr(IIl) concentration in the effluent of the

graphite gravel microcosm varied between 0.02 = 0.006 and 0.05 £+ 0.006 mg/1, whereas in the
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normal gravel-based microcosm, it varied between 0.04 = 0.01 and 0.09 £+ 0.01 mg/1 with varied
loading rate. The average measured concentration of Cr(IIl) in the effluent of the graphite-
based and normal gravel-based microcosms is shown in Figure 3-4. The green precipitates
observed in the microcosm was most likely due to the precipitation of Cr(OH)3, which has low
solubility in water at pH observed in this study. As pH fluctuation was not significant in the
microcosms, the precipitation of Cr(OH)3 was more likely, as solubility is low, between pH 6.5
~11. The low solubility of Cr(III) in the water at neutral or basic pH might also be a reason for
low concentration in the effluent wastewater. However, a thick layer of green precipitate was
observed on the substrate in both graphite-based and normal gravel-based microcosms (Figure
3-4). Precipitates of equal mass were collected from two randomly picked gravels from each
of the microcosms with the help of a spatula and were dissolved in 25ml of 0.3 M HCL. In
Figure 3-4 the light green (Left) solution was from graphite gravel-based microcosm
precipitate and the darker green solution (Right) was from the precipitate of a normal gravel-
based microcosm. After dissolution in HCI solution, Cr(VI) and Cr(III) levels were estimated.
The estimated concentration of Cr(VI) was 0.1 mg/l and 0.5 mg/l in graphite and normal
gravels-based microcosm, respectively, whereas Cr(III) concentration was 0.04 mg/l in
graphite-based and 0.44 mg/l in normal gravel-based microcosm. These are only indicative
results as a precise measurement of the amount of total precipitate was difficult. SEM-EDX

also confirmed the presence of Cr on the gravels (please refer to section 3.4 below).
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Figure 3-4. A) Average Cr(Ill) concentration in influent and effluent samples, B) Green
precipitates on the gravels, C) The dissolved green precipitates from the Graphite gravel (Left),
and Normal gravel (Right).

pH and dissolved oxygen (DO) values in both microcosms were also measured in the surface
and bottom zones of the microcosms throughout the experimental period. The measured pH at
the surface of the graphite gravel microcosm was in the range of 6.8 to 7.1, whereas at the
bottom, it was 6.5 to 6.9. In the normal gravel-based microcosm, the pH was 6.8 to 7.5 at the
surface and 6.6 to 6.9 at the bottom. No significant difference was observed in the pH of the
microcosms, and it remained close to neutral in both microcosms. DO values in the surface and
bottom zones of the microcosms were also measured. These were found to be 0.28 to 0.74 mg/1
and 0.14 to 1.1 mg/l, at the surface of the graphite gravel and normal gravel-based microcosms,
respectively, whereas DO values in the bottom zones were 0 to 0.65 mg/l and 0 to 0.89 mg/I,

in graphite gravel and normal gravel-based microcosms respectively (7able 3-2).

Table 3-2. DO profile of graphite-based and normal gravel-based microcosms at the surface
and the bottom.

Time Graphite-based-microcosm Gravel-based-microcosm
(day9) (mg/l) (mg/)
Surface Bottom Surface Bottom
92 0.28 0.00 0.14 0.00
108 0.43 0.28 0.62 0.53
133 0.42 0.25 0.58 0.28
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174 0.62 0.48 0.69 0.58

195 0.74 0.65 1.11 0.89
217 0.68 0.53 0.70 0.60
240 0.66 0.63 1.16 0.86

3.2.2. Influence of other chemical constituents

The graphite and normal gravels and microcosms were analysed to identify the influence of
other dissolved or undissolved elements/compounds in the system that may have influenced
the Cr(VI) treatment. As FeSOs4 was a component of the wastewater, dissolved Fe
concentrations were measured in the effluent to determine if it had any effect on Cr(VI)
treatment. The concentration of Fe measured in wastewater was ~ 1.0 g/1, with the theoretically
calculated value of 0.8 g/lI. In the effluent of graphite gravel-based microcosm, the average Fe
concentration was found to be 0.6 g/l. In the normal gravel-based microcosm, the average Fe
concentration was found to be 0.5 g/1. The chemical composition of both types of unused gravel
was determined using SEM-EDX after grinding the gravels into a powder and coating them
with a thin platinum layer (Figure 3-5, top). From the EDX analysis, the graphite gravels are
largely carbon, whereas normal gravels contained a variety of elements. The various elements
present on the normal gravel surface could also play a role in Cr(VI) treatment, particularly the
Fe and Al phases, supported by higher Si, Mg and Ca ions on the surface. These ions on the
surface can influence the electric double layer on the hydrated surface and consequently the
sorption behaviour (Figure 3-5, bottom). The presence of various ionic species and trace metals
in wastewater might have played a role in the reaction mechanism of different Cr treatment
systems. The ionic species in contaminated water would not only impart ionic strength that
would also affect the sorption/adsorption processes of the systems. Further, ionic species can
also exert control on the microbial population and by virtue of that the dominant microbial

processes that govern the redox cycling e.g., sulphate reduction where sulphate is dominant
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and nitrate reduction where nitrate is dominant. In order to develop a basic understanding of
the initial concept, the present study tried to make this experimental setup simple to understand

the importance of these ions and follow up studies will include these complexities.
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Figure 3-5. SEM-EDX analysis of graphite gravel (above) and normal gravel (below).

3.2.3. Microbial diversity analysis

The microbial diversity profiling was carried out to determine the microbial diversity in the
initial inoculum and both microcosms at the end of the experiment. Figure 3-6 shows the
microbial diversity based on the Phylum and Class of both microcosms in compassion with the
inoculum. The results showed significant differences in the number and diversity of microbes
in the initial inoculum and the microbial population in the graphite gravel-based microcosm.
Furthermore, the relative abundance of microbes increased in the graphite gravel-based
microcosm compared to the normal gravel-based microcosm and the initially inoculated

sludge. The dominant microbial species at the bottom of the graphite gravel microcosm was
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from the Phylum Firmicutes and class Bacilli (60.5%), while at the surface, this made up 36.6%

of species present.

On the other hand, this species' normal gravel-based microcosm was 10.4% at the bottom and
20.5% at the surface. The second most abundant species were from the Phylum Proteobacteria,
primarily from class Deltaproteobacteria. The role of microbes from Phylum Firmicutes and
Proteobacteria for Cr(VI) treatment has also been reported in other literature [138]. The third
most dominant microbes were from the Phylum Bacteroidetes, representing 9.3% of the
microbial species identified at the bottom of the graphite gravel-based microcosm and 6.2% at
the surface. They represented 6.6% of the species at the bottom and 2.5% at the surface in the
normal gravel-based microcosm. In the inoculum, it was 6.9%. A similar range and
composition of phyla have also been reported in other studies on CW-BES [75, 139]. From the
results reported in the current work, it is reasonable to state that the microbial population was
always higher in the graphite gravel-based microcosm than the normal gravel-based microcosm
inoculum. Moreover, many additional species were found in the graphite gravel-based
microcosm including those from the phyla Armatimonadete (2%,), Elusimicrobia (4%), NKB19
(1%), OD1 (3%), Planctomycetes (8%), WSI (1%) and WWEI (2%). All of these were absent
in the initial inoculum. Agrobacterium from the class Proteobacteria was only found in the
graphite-based microcosm. Other bacteria from the class Bacilli and Clostridia have also been
reported for Cr(VI) reduction [133, 140, 141]. Furthermore, Chardin, et al. [141] have
compared D. vulgaris and De. norvegicum, for Cr(VI) treatment and found that, D. vulgaris
was more sensitive to the higher Cr(VI) concentration, whereas De. norvegicum were more
reductant for the adsorption of Cr(VI) on its surface. On the other hand, Tandukar madan [133]
have reported that, though bioelectrochemical systems can efficiently reduce Cr(VI), the mixed
consortium works better than the single microbial consortium. Moreover, Chen and Hao [140]

have also reported that biological reduction is a better option for Cr(VI) reduction to Cr(III),
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Cr(VI) reduces to Cr(Ill) by co-precipitation with some other biosolids. They have also
highlighted the factors that affect the microbial Cr(VI) reduction, including biomass

concentration, initial Cr(VI) level, carbon source, pH and temperature, oxidation-reduction

potential, other oxyanions, and metal cations.
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Figure 3-6. Microbial diversity profiling of the initial inoculum, surface and bottom of graphite
and gravel-based microcosm. [Phylum-based classification (top panel), Class-based
classification (bottom)], Phylum results show the relative abundance of microbes in both types
of microcosms, Class result shows the diversification of microbes which was higher in graphite
gravel microcosm than in the normal gravel microcosm and the initial inoculum.

3.2.4. Surface morphology and elemental composition study

Scanning electron microscopy was used to study graphite and normal gravels' surface
morphology after the biofilm and green precipitate appeared. This was compared with unused
normal gravels and graphite gravels. The SEM results of the used gravels show that the normal
gravels were covered with a thick powdery substance with no clear bacterial attachment.
However, at an elevated concentration of Cr(VI) in wastewater, biomass concentration was less
affected in the graphite-based microcosm, which is also evident from VSS concentration in the
effluent. This may be due to the fact that at our experimental pH values were very close to the
point of zero charge (PZC) values of graphite and hence created weaker surface charges at
these pH values. The other reason could be that the level of chromium on the graphite gravels
was so high that it was killing the biofilm-forming micro-organisms. The assumption here is
that in graphite-based microcosm, the process was driven by suspended growth of microbes
leading to indirect transfer of electrons. EDX analysis was used to confirm that Cr, along with

other elemental constituents, was bound to the biofilm of the normal gravel (Figure 3-7).
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Figure 3-7. SEM imaging of gravels coated with biofilm / green precipitate. Graphite (a), with
EDX analysis of graphite surface, b., with EDX analysis of normal gravel. Figure a. shows
precipitation on the graphite gravels, along with the elemental composition of the precipitate,
including the presence of Cr. Similarly, Figure b shows biofilm deposition on the normal gravel
along with elemental composition and Cr on the surface of the biofilm.

3.2.5. Adsorption study with gravels

The adsorption properties of both gravel types were tested with different contact times using
the same wastewater as used in the experiment. The pH of initial Cr(VI) containing wastewater
(6.7) did not change significantly after adding graphite gravel (6.8) or normal gravel (6.8).
However, a slight pH increase was observed after 72 h when the pH values were 7.0 for graphite
gravels and 6.9 for normal gravels. The percentage treatment for graphite and normal gravels
after 12 h were 3.3% and 2.8%, respectively and after 24 h they were 18.8%, 7.6%,
respectively. Subsequently, both gravels' adsorption capability decreased with time and

adsorption of Cr(VI) on both types of gravels after 72 h was not found to be significant, 0.6%
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in graphite gravels and 0.9% in normal gravels. In the further cycle of adsorption study used

graphite and normal gravels; there was negligible adsorption of Cr(VI) recorded.

3.3. Discussion

The present study's main aim was to investigate Cr(VI) treatment in a graphite-based
microcosm and its comparison with the normal gravel-based microcosm. The results confirm
the higher treatment of Cr(VI) in graphite-based microcosms than the normal gravel-based
microcosm. The treatment of Cr(VI) in the graphite gravel-based microcosm was almost
complete (99.9+0.06%) throughout the experiment. In contrast, the normal gravel-based
microcosm treatment efficiency decreased to 57+3.25% with an increase in Cr(VI) loading rate.
Furthermore, the maximum TOC and COD removal in a graphite gravel-based microcosm was
higher than the normal gravel-based microcosm for each loading rate. The increase in Cr(VI)
loading can cause toxicity to the microbes, which could also be a potential reason for the
decrement in the removal of COD and TOC from the microcosm. Nevertheless, the TOC and
COD removal efficiency of the graphite gravel-based microcosm was still higher than the
normal gravel-based microcosm. This observation suggests that even in a potentially toxic
environment, higher performance is due to the presence of conductive material (graphite
gravels) in the microcosm. The presence of conductive materials accommodates the growth of
microbes that was efficient enough to oxidize the organics. This evidently high microbes
performance was essentially related to the electron transfer mechanism in the conductive bed
as previously observed [128]. However, it can be observed that the COD loading rate in the
present study was low in comparison to other CW-MFCs studies such as, Wang, et al. [142]
has used 75.3 g COD/m?/d"! and has achieved 27.4 + 3.5 to 57.4 = 4.6% of COD removal.
Similarly, Liu, et al. [94] has used 100 g/m?*/d of COD and has achieved up to 79.65% of
removal, Doherty, et al. [143] has used 240 g/m*/d COD and achieved removal of 79 to 81%.

Whereas in the present study, COD loading rate was 30 mg COD/I/d, 50 mg COD/l/d, 80 mg
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COD/I/d and has achieved up to 64.1 to 92.3%, 39.4 to 63.1%, 62.1 to 62.9% COD removal.
The reason behind the low COD loading rate in the present study was to observe the role of
conductive material Instead, high COD loading rate Cr(VI) would have been reduced with the
influence of organics. Further, the adsorption studies of both gravels indicate that the gravels
on their own did not contribute significantly to the Cr(VI) treatment over the longer term. It is
also important to note that even though graphite gravels had a lower adsorption capacity than
normal gravels, greater Cr treatment was achieved in a graphite gravel-based microcosm than
a normal gravel-based microcosm. These results indicate that the graphite-based system was
more dependent on mechanisms other than simple adsorption for Cr(VI) treatment. Adsorption
of Cr(VI) onto gravels was only effective in the initial few hours of the experiment. After that,
there was almost negligible adsorption as all adsorption sites were saturated. This observation
strongly supports our assumption that the main Cr(VI) treatment mechanism was likely to be
microbially mediated in both microcosms, either by adsorption or microbial uptake. Microbial
conversion of Cr(VI) to Cr(IIl) may also be responsible in Cr(VI) treatment but to a lesser
extent. The pH range also boosts the conversion of Cr(VI) to Cr(IlI), as, according to Xafenias,
et al. [122], a pH between 6 and 9 allows the dominance of Cr(IIl). Xafenias, et al. [122] also
reported the reduction of Cr(VI) to Cr(III) at neutral to slightly alkaline pH in dual-chamber
electrochemical reactors with graphite felt electrodes. However, in the present study, Cr(III)
was mainly in the precipitate form instead of a dissolved form. In other MFC studies Kim, et
al. [144] studied bipolar membrane MFC for treating Cr(VI) wastewater and achieved 100%
of Cr(VI) removal with achieved power density of 150 mW/m?.

Regardless, the graphite gravel-based microcosm was more efficient than the normal gravel-
based microcosm for Cr(VI) treatment as the conductive material played a role in the microbial
assisted electron exchange/transfer. Electron exchange with electrodes in the anaerobic region

is mainly ruled by three different mechanisms: (i) by electron shuttle, (i1) by direct physical
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contact with the electrode, and (iii) through the pili, which develop on the cell wall of microbes
(Figure 3-8) [145-147]. The electrode dependent anaerobic electron transfer is either dependent
on living microorganisms or isolated enzymes [147]. The isolated enzymes play a critical role
in transferring electrons across the membrane of a microbial cell. Several enzymes play a
crucial role in the electron transfer mechanism. For example, Cytochrome P450, is a well-
known enzymes for electron transfer mechanism [148] and Glucose oxidase (GOx) is an

efficient redox enzyme [149].
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Figure 3-8. Scheme of the potential mechanisms of microbial electron transfer/exchange with
electrode (conductive material).

In the present study, it was assumed that, by using these three-electron exchange/transfer
mechanisms, the microbes were able to perform these functions more effectively than microbes
in a normal gravel-based microcosm. Additionally, the presence of conductive materials may
have assisted the microbes in the oxidation or reduction of metal ions and organic matter, as
indicated by the higher microbial population in graphite-based microcosms. The microbial
diversity profiling and VSS also indicate the presence of higher numbers of microbes on the
graphite gravel microcosm, even at a high loading of Cr(VI). Tang, et al. [150] reported that
due to biological activity, more than 90% of Cr(VI) was removed from solutions of 1-100 mg/1

Cr(VI). The results of microbial diversity studies in our experiments are consistent with the
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study conducted by Corbella, et al. [151];Sierra [139] using a graphite-based CW, although
that study did not consider Cr(VI). Furthermore, microbe numbers were found to be high in the
bottom region of a graphite gravel-based microcosm compared to a normal gravel-based
microcosm. This also signifies that even in a potentially toxic environment (with high Cr
loading), conductive material supported higher biomass than the normal non-conductive
gravel-based microcosm. Though high levels of Cr(VI) cause toxicity to microbes [115], the
treatment efficiency in the present study remained high in the conductive gravel-based
microcosm, even at high loading. This is most likely due to the graphite acting as an artificial
electron acceptor in the anaerobic zone. This, in turn, may have increased the amount of
microbial oxidation of the substrate to extract more energy, making their survival possible in
the presence of a higher Cr(VI) loading. Moreover, the presence of microbes from genus
Desulfobulbus, Desulfovibrio, Geobacter which comes under Deltaproteobacteria was most
likely. In anaerobic environments, Deltaproteobacteria are the primary microbes that
breakdown fatty acids to low energy molecules such as acetate and can compete with
methanogenic bacteria. The presence of Desulfobulbus (2% in graphite-based and 1% in
normal gravel-based microcosms, though absent in the inoculum) is relevant in the present
study as it has the capacity to produce electrically conductive filaments [139, 152, 153]. In
addition, the participation of Desulfovibrio in metal treatment is also reported by Heidelberg,
et al. [154], Pradhan, et al. [155]. The other microbes from genus Agrobacterium are also
capable of adsorbing Cr(VI) concentration of more than 100 mg/I from an aqueous solution in
a 24h period [156]. The other bacterial species able to promote Cr(VI) reduction to Cr(III)
could be from the phylum Firmicutes, Proteobacteria, such as Pseudomonas, Shewanella, and
Enterobacter, which were present in both the microcosms. These microbes' presence indicates
that the treatment was mainly dominated by these microbes more efficiently by using a

conductive material.
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Based on all the arguments above, it can be reasonably concluded that the dominant Cr(VI)
treatment mechanism in a graphite gravel-based microcosm was microbial activity assisted by
improved electron transfer made possible by the presence of conductive support. A graphite-
based microcosm has a more remarkable ability to tolerate higher levels of Cr(VI) compared
to a normal gavel-based microcosm. The conductive material directly influences the microbial
diversity and total biomass of a microcosm. The presence of Cr in the precipitate was also
established with EDX analysis. Furthermore, SEM-EDX analysis also indicates the presence
of Cr on the microbial biofilm, which means that some of the Cr were absorbed on the surface

of the biofilm. A similar result was previously reported by Tandukar madan [133].

3.4. Conclusions

This study demonstrated the role of conductive material in the treatment of Cr(VI) in anaerobic
conditions, and a comparison was made with a normal gravel-based microcosm. Even at a
higher loading of Cr(VI), which could affect micro-organisms' growth, the conductive gravel-
based microcosm performed more efficiently than the normal gravel-based microcosm. The
treatment of Cr(VI) in a graphite gravel-based microcosm was constant at 99.9% throughout
the experiment (over almost 240 days), whereas in a normal gravel-based microcosm Cr(VI)
treatment decreased to 57% under the same conditions. The results also indicate that microbes
can perform well on a conductive material even in toxic environments (such as a high Cr(VI)
level). It is concluded that conductive materials directly influence microbial diversity and total
microbial biomass in the microcosm. Conclusively, this study established that the conductive
material-based CW could be an efficient technology for the treatment of a toxic metal even at

a high loading rate.
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Chapter 4: Interrelation between sulphur and
conductive materials and its impact on ammonium
and organic pollutants removal in electroactive

wetlands
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Abstract

This investigation is the first of its kind to evaluate the interrelation of sulphate (SO4%*) with
conductive materials as well as their individual and synergetic effects on the removal of
ammonium and organic pollutants in the constructed wetland (CW) microbial fuel cell (MFC).
The role of MFC components in CW was investigated to treat the sulphate containing
wastewater under a long-term operation without any toxicity build-up in the system. A
comparative study was also performed between CW-MFC and CW, where sulphate containing
wastewater (S-replete) and without sulphate wastewater (S-deplete) was assessed. The S-
replete showed high NHs4" removal than the S-deplete, and the requesnce of removal was: CW-

MFC-replete>CW-MFC-deplete>CW-replete>CW-deplete. The chemical oxygen demand
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(COD) removal was high in case of CW-MFC-replete, and the sequence of removal was CW-
MF C-replete>CW-MFC-deplete>CW-deplete>CW-replete. X-ray photon spectroscopic study
indicates 0.84% sulphur accumulation in CW-MFC-replete and 2.49% in CW-replete,
indicating high sulphur precipitation in CW without the MFC component. The high relative
abundance of class Deltaproteobacteria (7.3%) in CW-MFC-replete along with increased
microbial diversity (Shannon index=3.5) that rationalize the symbiosis of sulphate
reducing/oxidizing microbes and its impact on the treatment performance and electrochemical

activity.

4.1. Introduction

Various wastewaters including several industries such as edible oil processing, tannery, food
processing, pulp and paper that can frequently contain a high level of sulphate which can reduce
to form excessive hydrogen sulphide (H2S) or HS™ [114]. Excess production of H2S or HS”
adversely affects the aquatic environment due to its toxicity. The constructed wetland (CW)
was designed to treat wastewaters using natural processes to recover the water quality [114].
The use of CW for wastewater treatment is due to its capacity as a cost-effective treatment
process for long-term operation and involved natural eco-friendly processes. Despite its
potential to remove sulphate-contaminated wastewater, highly contaminated precipitate
deposition due to reduced sulphur compounds over the longer operation time are considered
hazardous. Moreover, reduced sulphur compounds, on the other hand, reduce sulphate (SO4>)
and convert into the precipitate form of sulphur intervenes the sulphur cycle of CW [157] and
impact microbiology and treatment performance. Whereas, sulphur cycle is intertwined with
other elements present in wastewater, such as carbon and nitrogen [158]. The presence of
sulphate (SO4*) can act as an electron acceptor for pollutants oxidation. Its reduced sulphide
(S%) acts as an electron donor, which further requires an electron acceptor for the conversion

into its oxidized form. In CW due to limited electron acceptor, oxidation of S** may not occur,
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which can start to accumulate. Subsequent reduction and deposition of sulphur compounds in

CW could thus hinder the treatment performance as well as the microbiology of CW.

In the past decade, CW has been integrated with microbial fuel cell (MFC) to advance its
treatment performance and overcome the challenges of electron acceptors in CW [32, 33, 159].
However, the integration of CW-MFC has emerged as the promising technology for enhanced
wastewater treatment with an added benefit of electricity generation and other resource
recovery possibilities. Enhanced treatment efficiency in CW-MFC depends on the electron
transfer rate from a less oxygenated to a more oxygenated region [160]. The electroactive
microbes present in less oxygenated regions (anaerobic) oxidize the pollutants and employ the
conductive materials/electrodes (anode) as an artificial electron acceptor [160-162]. The
generated electron in anaerobic regions subsequently flows via an electric wire from anode to
oxygenated regions (where the cathode is placed). The flow of electrons depends on the redox
gradient of the anode, and the cathode, due to electron transfer, electricity generation occurs
[80, 128, 163, 164]. Since the time CW-MFC was introduced (past 10 years) a lot of
technological progress has been taken place. However, still the technology is in its infancy
stage and several research areas such as electron recovery, treatment of different pollutants
needs to be explored [165, 166]. Gonzalez, et al. [167] has recently studied contaminant
removal efficiency and to increase electrical efficiency in CW-MFC; the result indicated 18%
higher organic removal in closed-circuit mode than the open-circuit mode, and the maximum

power density achieved was 8.6 mW m™.

Several MFCs or bioelectrochemical systems have reported a direct or indirect reduction of
inorganic electron acceptors such as SO4>* by the exo-electron transfer (EET) processes [168-
170]. As mentioned before, microbes in bioelectrochemical systems generates electrons and
protons. These electrons and protons move towards terminal electron acceptors through series
of redox carriers/components and EET [168]. The oxidation and reduction of sulphur
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compounds in bioelectrochemical systems act as intermediate electron acceptors and donors
and finally pass the electrons to the electrode through several EET cascades [171]. In
bioelectrochemical systems, SO4>" is reduced to elemental sulphur at the anode by sulphate
reducing bacteria (SRB), which further oxidizes to sulphur oxides by the sulphate oxidizing
bacteria (SOB) either bioelectrochemically or electrochemically. The oxidation/reduction
processes of sulphur compounds can thus be interlinked with the other treatment processes
such as nitrogen removal. Ge, et al. [172] has reported that pyrite based CW-MFC enhanced

phosphorus and nitrogen removal with stable pH and low sulphate concentration in effluents.

In previous studies on CW-MFC, anaerobic organics and NH4" oxidation has been reported
where conductive material acts as an electron acceptor [65, 69, 131]. However, the presence of
sulphur is very common in wastewater and its redox behaviour could influence organics and
NH4" oxidation in CW-MFC. Additionally, on the longer operation of CW-MFC, accumulated
sulphur compounds can also influence treatment performance of organics and NH4".
Tinterrelation between sulphur with anaerobic ammonium and other organic pollutants
removal in the presence of conductive material has not been reported in CW-MFC. The
accumulation of sulphur compounds in CW can be minimized by redox coupling in the
presence of conductive material, and the redox coupling of sulphur compounds can also play a
significant role in treatment processes involved in the system. Therefore, the main objective of
this study is to explore further the interrelation between sulphate and conductive materials for
reducing precipitates build-up and its impact on the removal of ammonium and organic

pollutants in CW-MFC and to compare this process with the normal CW.

4.2. Materials and method
4.2.1. Microcosm configurations

Three laboratory-scale CW microcosms were fabricated using a polyvinyl chloride (PVC) pipe

of 320 mm x 85 mm (Length x Diameter) dimension. Two of the three CW microcosms were
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integrated with an MFC. Both the MFC integrated CW microcosms were filled with granular
graphite gravel (diameter 4-5 mm) to form the anode and cathode. The layer of graphite gravels
from the bottom of the microcosm had a height of 105 mm to form the anode, which was
overlayed by the normal gravels (garden pebbles) of height 150 mm graphite gravel of 60 mm
to form the cathode. At the anode and cathode, carbon felt was used as a charge collector and
charge dispenser, respectively. The dimension of the charge collector used at the anode was
102 x 73 mm (length x width), whereas at the cathode, the dimension was 100 x 55 mm (Length
x Width). The smaller dimension of the cathode was due to the availability of terminal electron
acceptors such as oxygen at the upper surface. The charge collector at the anode portion was
placed at the height of 95 mm from the bottom, while at the cathode one-quarter of the collector
was in the air to avail sufficient atmospheric oxygen as a terminal electron acceptor. The charge
collector and dispenser were connected with a titanium wire of a diameter 1 mm. The size and
configuration of the electrode remained the same in both MFC integrated CWs. The third
microcosm was CW, which was fabricated with normal gravel (garden pebbles) of size 4-5 mm

diameter without any compartmentation.

i
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320.0 mm

Figure 4-1. The schematic diagram of laboratory-scale microcosms: a. CW-MFC-deplete, b.
CW, c. CW-MFC-replete.
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4.2.2. Synthetic wastewater preparation

The wastewater used in this study was the synthetic wastewater having the composition:
CsH1206 (0.80 g L), NH4Cl1 (0.15 g L), KC1 (0.13 g L!), NaHCOs3 (1.50 g L'') and MgSO4
(0.12 g LY or MgCl2 (0.10 g L") [173]. All the chemicals were purchased from Chemsupply,
Australia. The wastewater compositions used in both CW-MFCs were the same except for
sulphate presence (S-replete) or absence (S-deplete). One of the two MFC integrated CW
microcosms was fed with sulphate containing wastewater (CW-MFC-replete), while the other
was without sulphate containing wastewater (CW-MFC-deplete). The CW-MFC-replete feed
contained 96 mg L' of SO4*, and the concentration of MgSQO4 was adopted from the previous
studies [174, 175]. The CW microcosm was initially operated with sulphate-free wastewater
(CW-deplete) to observe the treatment performance. It was later operated on sulphate

containing wastewater (CW-replete).

4.2.3. Inoculation and operation

The inoculum used in this study was taken from the local sewage wastewater treatment plant
run by TasWater in Launceston, Tasmania, Australia. The 2% (v/v) sludge inoculum was
mixed with synthetic wastewater and inoculated into all the microcosms. The microcosms were
fed regularly in batch mode on a 1:1 ratio, one ratio of inoculum taken from the microcosm,
mixed with freshly prepared wastewater. The experiment was then acclimatized for a further
month with continuous feeding of the freshly prepared wastewater each day until steady state
was achieved. All the experiments were run at room temperature (~23°C). All microcosms
were run in a continuous mode using a peristaltic pump (Atalyst, Masterflex by Cole-Parmer)
at a 12 h hydraulic retention time (HRT). The CW-MFC-deplete and CW-MFC-replete were
continuously operated for six months. The performance of CW-deplete was observed for six
months, and then it was switched to sulphate containing wastewater (CW-replete). After

completion of the continuous mode operation, batch mode operation tests were conducted for
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one month for CW-MFC-deplete, CW-MFC-replete, and CW-replete microcosms to evaluate
the participation of SO4%" in the treatment performance and electricity generation. Contact time
of the batch experiments was varied from 12 to 96 h. Samples from the anode of CW-MFC-
replete, CW-MFC-deplete, and the bottom of the CW-replete were taken after 12 h, 24 h, 48 h,
72 h and 96 h, which were collected over a period of one month and analyzed for COD, NHa4",
S* and SO4%.

4.2.4. Chemical and electrochemical analysis

All the samples were filtered through a cellulose syringe filter (0.45 pm, diameter = 25 mm,
MicroScience) before the analysis. Total organic carbon (TOC) and Total nitrogen (TN) were
analysed using Shimadzu TOC-TN analyser (Model TNM-L ROHS). Ammonium (NH4") and
sulphate (SO4*") were analyzed by ion chromatography (Eco IC, MEP instruments, Metrohm).
The chemical oxygen demand (COD) was analyzed by APHA Standard Method 5220D [84].
Sulphite (SO3%) and sulphide (S*") were analyzed using the lodometric method described in
APHA Standard Methods 4500B and 4500E, respectively [84]. The statistical calculation was

performed with the Origin software 2019b.

The redox potentials of the anode and cathode of CW-MFC were measured against Ag/AgCl
reference electrode, which was transposed to the standard hydrogen electrode (SHE) by
calculation. Further, electromotive force from the measured anode and cathode potentials was

calculated using Eq. 1:

Eemf = Ecathode — Eanode Eq.1

In continuous mode experiments, voltage (Ecc) was recorded every day using PClnk
multimeter. In the batch mode experiment, Ecei was recorded using PC'"™ multimeter after
feeding the microcosm until the sample was taken. The polarization study was carried out when
CW-MFC-deplete and CW-MFC-replete microcosms achieved the steady-states. Based on

higher Ecen potential, 2.2 KQ of external resistance for the microcosm was selected. The
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Coulombic efficiency (CE) for continuous mode operation of the CW-MFC-deplete and CW-

MFC-replete were calculated using Eq. 2:

MI

CE=——
FbqACOD

Eq.2

where M is the molecular weight of oxygen (g mol™), I is current density (A m™), F is Faraday’s
constant, b is charge transfer, q is flowrate of wastewater (Ls'), and ACOD (mgL™) is the

difference between initial and final COD concentrations. In addition, the CE of batch mode

operation was calculated using Eq. 3:

MIt

CE = wpvacoD

Eq.3

Where t is the time (s), and v is the anodic volume (L) of the microcosms.

4.2.5. Characterizations of deposits

The chemical depositions at the anode of the CW-MFC-deplete, CW-MFC-replete and CW-
replete were further analyzed with several characterization techniques after completion of the
experiments. The gravels from the anode of all the microcosms were washed and dehydrated
before the solid characterization by submerging in glutaraldehyde solution (2.5%) for 1 h,
rinsed with phosphate buffer (pH = 7) three times and then submerged in ethanol (30%, 50%,
70%, then 90%) each for 10 min [176]. All the samples were freeze-dried (-18°C) and the
samples were coated with platinum for surface morphology analysis using Scanning Electron
Microscopy (SEM), (Hitachi SU-70 field emission SEM). The elemental composition of the
samples was determined by the Energy Dispersive X-ray (EDX) spectrophotometer (Oxford
AZtec XMax80 EDX system). Additionally, precipitates on the graphite and normal gravels
were characterized with X-ray diffraction (XRD, D2 PHASER, Bruker) and later with X-ray

photon spectroscopy (XPS, ESCALAB250Xi, Thermo Scientific, UK).
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4.2.6. Microbiology

The microbiological samples were taken after the completion of all the experiments. The initial
samples were taken from the fresh inoculum and from each microcosm after completion of the
experiments. The samples were a mixture of gravels and wastewater from the anode (since
anode had a main role in the microcosm) of the microcosms, which were sent to the Australian
Genome Research Facility (AGRF) for DNA extraction and diversity profiling. The amplicon
sequencing was performed with the target 27F, read length 300 bp, reverse primer
(GWATTACCGCGGCKGCTQG), and forward primer (AGAGTTTGATCMTGGCTCAG),

similar to previous studies [131, 177].

4.3. Results and discussions
4.3.1. Simultaneous NH,", COD, and SO/ removal

The treatment performance of CW-MFC in comparison to CW in S-deplete and S-replete
conditions was assessed based on organics and nitrogen removals in liaison with sulphate
conversion or removal. The initial TOC and COD concentrations of S-deplete wastewater were
497+24 and 8534100 mgL™!, respectively; from this 290+30 mgL! of TOC and 679+57 mgL"
''of COD were removed in CW-MFC-deplete, whereas 260+32 mgL™! of TOC and 568+30
mgL! of COD were removed in CW-deplete. The initial TOC and COD concentrations of S-
replete wastewater were 520+27 and 926+74 mgL™!, respectively, from which 322424 mgL!
of TOC and 757+36 mgL! of COD were removed in CW-MFC-replete. In contrast, 283+41
mgL! of TOC and 600+52 mgL™' of COD were removed in CW-replete. From the results
summarized in Table 4-1, it can be observed that TOC and COD removal of CW-MFC were
significantly higher than CW (p< 0.05). There was also a significant difference in the removal
based on S-replete and S-deplete conditions of all the microcosms (p< 0.05). The mean COD
removal followed the sequence: CW-MFC-replete>CW-MFC-deplete>CW-replete>CW-

deplete.
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The measured initial NHa4 concentration was 60+7 mgL™' in both S-replete and S-deplete
wastewater, CW-MFC-replete and CW-MFC-deplete removed 4048 and 35+4 mgL™! of NH4"
respectively, whereas CW-replete and CW-deplete removed 28+5 and 22+7 mgL™! of NH4",
respectively. The TN removal of CW-MFC-replete and CW-MFC-deplete was not
significantly different at the beginning stage of the experiments, but after a few weeks, there
was a significant difference in the removal pattern of both the microcosms. The TN removal in
CW-MFC-replete was significantly higher than those of CW-MFC-deplete, CW-replete, and
CW-deplete (p< 0.05). The statistical graph based on the data range of TN, NH4", TOC, and
COD removal represented in Figure 4-2 illustrates the performance of microcosm, which

showed higher removal in CW-MFC-replete than the other microcosm.

Table 4-1. The mean TOC, COD, TN, and NH+" removal concentration in continuous mode
operation.

Initial CW-MFC- CW-replete Initial (S- CW-MFC- CW-deplete
(S- replete deplete) deplete
replete)
(mgL!') | (mgL % (mg L % (mgLtY) | (mgL % (mg L %
D D D D

TOC 520427 | 322424 61424 | 283+41 54441 | 497424 | 290+£30 58430 | 260+£32 52432
COD 92674 | 757436 82436 | 600+52 66+52 | 853100 | 679+57 79457 | 568+30 64+30
TN 60+7 20+4 66+6 36+5 46+8 60+7 2548 58+8 3546  40=10
NH,* 60+7 40+8 65+8 28+£5 46+5 60+7 3544 58+4 22+7 367

73



a - 25%~75% - 25%~T75%
I Range within 1.51QR Ranga within 1.51QR]
50 Median Median
90 -
£ g
g 454 5 80
o >
5 £
S g
Q 704
O a0 o
= 40 3]
] Q
= @
5 g 50
o
35
50 4
80 T T T T 40 T T T T
CW-MFC-replete CW-MFC-deplete  CW-deplete CW-replete CW-MFCrreplete  CW-MFC-deplete  CW-deplete CW-replete
70
554 C W 25%-75% 25%~75%
T Range within 1.51QR I Range within 1.5/QR
< Median Median
50 60+
- ES
& 45 4 T 504
2
E 40 e 20
s i
£ z
2 35 -] Z
8 & 5
14 S
30 4
204
25
20 T T T T 1 O T T T T
CW-MFCreplete CW-MFC-deplete  CW-deplete CWreplete CW-MFC-replete CW-MFC-deplete  CW-deplete CW-replete

Figure 4-2. Statistical analysis of overall percentage removal in continuous mode operation:
a. TOC; b. COD; c. TN; and d. NH+". The wide range of data lies in the wider portion of the
shape and the narrow portion indicates a small number of data points. Hence, CW-MFC-
replete shows higher ranges of removal in comparison to the other systems.

The reduction of SO4>" was analysed in the form of sulphite (SO3*") and sulphide (S*) from the
effluent samples. The mean S> concentrations in effluent of CW-MFC-replete and CW-replete
were 21+7 and 33+9 mg L!, respectively, but it was not detected in all the samples. In addition,
no trace of SO3>" was detected in the effluent samples. The low determination of SO3*" and S*
could be due to the detection limitation or contact of effluent with the atmospheric oxygen or
stability of the ions [178, 179]. The high concentration of S* in CW-replete is evident from
Figure 3, which shows dissolved concentration only; the precipitate characterization details in
Section 3.4 also signify higher S* precipitation in CW-replete. It can be observed that in CW-
MF C-replete SO4* removal was up to 81+£3% along with a low S* accumulation (Figure 4-3).
In CW-MF C-replete, reduced sulphur products' reduction and probable re-oxidation could have

contributed to lesser precipitate deposition even at higher SO4>" removal. However, SO4* was
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significantly consumed (since it is an electron acceptor) in CW-replete to remove the pollutants
and its reduction can be attributed to high S* precipitation, which decreased the treatment

performance of CW-replete at a later stage due to S* precipitate associated toxicity.
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Figure 4-3. SO+ and S* concentrations of CW-MFC-replete and CW-replete, excluding
samples where S was not detected.

The CW-MFC-replete and CW-MFC-deplete achieved higher treatment efficiency for NH4"
and COD compared to CW-replete and CW-deplete. However, NHs" and COD removal
efficiency was the highest in CW-MFC-replete than the other microcosms. The higher NH4"
removal in CW-MFC-deplete was due to the presence of conductive materials, which allowed
higher oxidation of NH4" and COD than CW-replete and CW-deplete. The conductive material
in CW-MFC acts as an artificial electron acceptor in anaerobic conditions that allows higher
oxidation of the pollutants [164, 166]. The high NH4" removal efficiency in CW-MFC in
comparison to CW has also been reported by Hartl, et al. [65], Xu, et al. [69], Srivastava, et al.
[131], in which it is proven that the presence of conductive material at the anode enhances
NH4" removal efficiency. However, higher NHs" removal in CW-MFC-replete among all the
other microcosms was due to the abundance of SO4>" as an additional electron acceptor (other
than conductive material) in S-replete conditions. The presence of electrode and SO4* at the
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anode of CW-MFC-replete allowed high oxidation of organic matter and NH4" in anaerobic
conditions. The presence of electrode in CW-MFC-replete was further responsible for the
conversion of reduced SO4* product (S*) back to its higher oxidation state, which decreased
the S* and other sulphur bearing compounds build-up by reducing the amount of precipitate
and enhanced treatment efficiency. In this study, the presence of SO4* in CW-MF C-replete has
an additional influence on the treatment efficiency, which signifies the synergetic correlation

of sulphur and conductive material on the treatment efficiency of the pollutants.

The availability of electron acceptors in CW-MFC-deplete was limited due to the absence of
SO4%, where the treatment efficiency of NH4" decreased compared to CW-MFC-replete.
Additionally, in CW-replete, the presence of SO4> provided an additional electron acceptor for
removing COD and NH4" compared to CW-deplete and the removal in CW-replete was higher
for NHs4" than CW-deplete. However, in the absence of conductive material in CW-replete, S*
conversion was lacking, which decreased the COD and NH4" removal due to toxicity build-up.
Hence, it can be concluded that SO4* is positively intertwined with other elements present in
wastewater, and it shows positive effect in the presence of conductive materials. Besides, the
measured COD concentration from the effluent of CW-MFC-deplete was attributed to reduced
chemical compound present in initial wastewater composition. On the contrary, in CW-MFC-
replete the measured COD concentration was due to reduced sulphur metabolites and other
chemical compositions present in effluent wastewater, such that on the same HRT CW-MFC-
replete removed more COD than CW-MFC-deplete. Likewise, in CW-deplete, TOC and COD
removal was higher compared to CW-replete at later stages, as a reduced product of SO4*> has
increased the COD in CW-replete. Ter Heijne, et al. [179], Dai, et al. [180] have also stated
that reduction of SO4> into S** can increase COD since S* also acts as an electron donor. Jing,
et al. [181] stated that the accumulation of S* inhibits the removal of organics and suppresses

the microbial actions, whereas in CW-MFC-replete the presence of conductive material
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decreased S* accumulation. The redox coupling of sulphur also influences the efficient electron
transfer in the anaerobic region of CW-MFC-replete, minimizing the risk of toxicity build up
in the system [182] in order to enhance the treatment efficiency. This suggests that the MFC
component contributed to high treatment efficiency by assisting electron transfer through the
conductive materials in anaerobic regions, and the presence of SO4> positively influenced the

performance of CW-MFC-replete.

The batch mode operation was also performed to study the detrimental effects of a toxic
precipitate of reduced sulphur compounds without their washout. From the results of COD,
NH4*, S* and SO4> concentrations of batch mode operation presented in Table 4-2, it was
observed that in the batch study, COD concentration at the anode of CW-MFC-replete was
higher than CW-MFC-deplete due to the reduced product of SO4>"; however, the electrode
assisted oxidation and reduction of sulphur compounds did not seem to impact the overall

performance rather than the participates in enhanced treatment performance.

Table 4-2. The mean concentrations of COD, NH4*, S and SO+* batch mode operation.

(mg L~ CW-MFC-replete CW-MFC-deplete CW-replete
1
) retention time (h) retention time (h) retention time (h)

12 24 48 72 12 24 48 48 12 24 48 24 12 24 48

COD 50 456 386 CO 500 | 456 386 CO 500 456+ | 386 CO 500 456 386

0+ +£8 +7 D +12 | £8 +7 D +12 8 +7 D +12  £8 +7
12

NH4* 39 28+ 2£3 NHs 39+ |28+ 2+3 NHs 39+ 2844 | 243 NHs 39+ 28+ 243
5 4 * 5 4 * 5 * 5 4

SO+* 59 41+ 33+  SOs 59+ | 41+ 33+ SOs 59+ 41£7 | 33 SOs4 59+ 41+ 33+

£ 7 3 > 5 7 3 2 5 3 > 5 7 3
S2 12 18+ 26+ S* 12+ | 18+ 26+ S% 12+ 1846 | 26+ S% 12+ 18+ 26+
3 6 2 3 6 2 3 2 3 6 2

Furthermore, high NH4" removal in CW-MFC-replete was due to the electrode acting as an
electron acceptor, which was due to the presence of an additional electron acceptor in the form
of SO4> in wastewater. In case of CW-MFC-deplete, only the electrode acted as an artificial
electron acceptor for NHs" removal and thus, it was lower than CW-MFC-replete. In the case

of CW-replete, removal was not high as CW-MFC microcosms due to the absence of electrodes
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and also, low NH4" removal with increased contact time in CW-replete was due to a decrease
in electron acceptors with a reduction of SO4> into S** over time. In the absence of an electron
acceptor such as an electrode, the converted S* was unable to be re-oxidized in CW-replete,
whereas the presence of an electrode in CW-MFC-replete converted S** by assisting the
reoxidation that was responsible for the stable treatment performance even after 96 h of the
retention time. In the batch mode operation, once wastewater was inoculated in the microcosm,
it was retained in the microcosm for 96 h retention time and reduction, as well as oxidation of
sulphur compounds, did not impact the treatment efficiency of CW-MFC-replete significantly.
Rather the redox coupling enhanced COD and NH4" removal.

Furthermore, in the batch mode operation, with an increase in the retention time, S*
concentration also increased in both the S-replete microcosms and it was significantly higher
in CW-replete than CW-MF C-replete (Table 4-2). The high accumulation of S* could increase
the toxicity, which might negatively impact the treatment performance. Agostino and
Rosenbaum [182] reported that high amount of S* precipitate can harm the living organisms
present in the microcosms. However, in bioelectrochemical systems, the presence of
conductive materials can again oxidize S*> to SO4>" and reduce the toxicity level [182]. Thus,
in CW-MFC-replete, reduction of sulphur compounds and oxidation has decreased the toxicity
build-up of the reduced sulphur metabolites with the redox reactions. Thus, incorporation of
MFC into CW can be an effective approach to treat the sulphate containing wastewater, and
due to the presence of conductive materials, treatment performance can be improved.

4.3.2. Cell Voltage of CW-MFC-replete and CW-MFC-deplete
The polarization study of CW-MFC-replete and CW-MFC-deplete was performed after

achieving steady-state conditions in the microcosms and polarization curves of both the

microcosms are presented in Figure 4-4. From the polarization curves, the maximum current

densities achieved in CW-MFC-replete and CW-MFC-deplete were 25.6 mAm™ and 22.8
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mAm™, respectively. Nevertheless, the maximum power densities achieved in CW-MFC-
replete and CW-MFC-deplete were 1.1 mWm™ and 0.48 mWm™ at 1.2 KQ, respectively. In
the continuous mode experiment of CW-MFC-replete and CW-MFC-deplete, Ecen and current
density throughout the operational period was always higher in CW-MFC-replete. Figure 4-4
(b, c) illustrate the correlation between the cell performance (Ecen) and the current density of
CW-MFC-replete and CW-MFC-deplete. The Ecen of CW-MFC-replete varied between 50.0
and 60.0 mV, while in case of CW-MFC-deplete, it was 30.0 and 40.0 mV throughout the
continuous mode operation. A similar pattern was also observed for current density, where the
maximum current density was 15.4 mAm™ in CW-MFC-deplete and 21.8 mAm™ in CW-MFC-
replete throughout the continuous mode operation. The maximum CE of CW-MFC-replete in
a continuous mode operation was 0.78%, whereas in CW-MFC-deplete, CE was 0.76%. Figure

4-4 (b) illustrates the cumulative correlation of Ecen with COD concentration.
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Figure 4-4. Performance in continuous mode operation, a. Polarization study of CW-MFC-
replete and CW-MFC-deplete; b. correlation of COD and Eceu; and c. Ecen output of the CW-
MFC-replete and CW-MFC-deplete in batch mode operation.
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The redox potential of anode and cathode zones of CW-MFC-deplete and CW-MFC-replete
were almost similar. CW-MFC-replete’s anodic potential was within -33.8 to -213.8 mV, while
the cathodic potential was 177.2 to 285.2 mV. In CW-MFC-deplete, the anodic potential was
within the range of -56.8 to -267.8mV, and for cathodic potential, it was 69.2 to 266.1 mV. The
mean Eemf of CW-MFC-replete and CW-MFC-deplete was 296+200 mV and 260+155 mV. The
detailed potential and Eemfvalues are provided in Table A1 (Appendix 2). Both the microcosm’s
redox potentials were favourable for the electron transfer since anode potential was more
negative than the cathode potential. Even with the favourable potential, the achieved current
and power density were relatively lower than the other CW-MFC studies [164, 172, 174, 183].
The lower power and current density values in the present study could have resulted from the
high external resistance and low retention time (12.0 h). Gonzélez del Campo, et al. [184]
reported that external resistance (based on polarization study) regulates the cell voltage, which
is based on the difference between anodic and cathodic potential (redox). Additionally,
electroactive bacteria (EAB) have their own doubling time [99]; due to a retention time of only
12.0 h, the growth of EAB would have slowed down, which influenced the electron transfer
mechanism. Logan [99] discussed those microbes present in the nature usually have a doubling
time of one day or longer; for instance, G. sulfurreducens co-cultured with W. succinogens take

around 6-8 h doubling time, but for Desulfovibriode sulfuricans it takes 30 h.

In batch mode operation, the Ecen of CW-MFC-replete was 60.0 mV in 12.0 h, but it increased
to 224.0 mV in 96.0 h of the retention time. Likewise, CW-MFC-deplete achieved 30.0 mV in
12.0 h and increased to 143.0 mV after 96.0 h of retention time. With the longer retention time
of 96 h, the current density achieved in CW-MFC-replete was 51.5 mAm™, whereas, in case of
CW-MFC-deplete, the achieved current density in 96 h retention time was 34.9 mAm>. By
increasing the retention time, Ecell of both the microcosms increased, but the CW-MFC-replete

again achieved high Ecen performance (Figure 4-4 (c)). Additionally, the CE of CW-MFC-
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replete in 96 h retention time reached up to 12.2%, while in case of CW-MFC-deplete, it
reached to 10.3%. The increase in retention time could provide appropriate doubling time to
EAB and complete degradation of the pollutants at the anode. Additionally, in CW-MFC-
replete, the presence of SO4% assisted the redox reactions between microbial cells and the
electrode, which favours higher Ecen output. Sun, et al. [185] suggested that in case of MFC,
SO4* first get reduced to S* and subsequent oxidation of S** results in electricity generation.
In a continuous mode operation, due to the presence of SO4* and its reduction to S*, followed
by re-oxidation to SO4* as a part of redox cycle would help in indirect extracellular electron
transfer to the anode [176]. Additionally, it also acts as an electron shuttle for an adequate
electron transfer to the electrode. The microbial and electrochemical electron release
mechanism based on SO4* reduction and S* oxidation in the presence of organic carbon

(glucose and acetate) can be explained below using Egs. 4 to 7 [186]:

microbial

CoHy204 + 2H,0 ——— 4H, + 2CH;COOH + CO,  Eq.4

electrochemical
4H, —— > 8H" + 8¢~ Eq.5

microbial

CH5COOH + S02~ ——— 2C0, + 2H,0 + S*~  Eq.6

electrochemical

4H,0 + S~ ——— 8H* + 8¢~ + S0z~ Eq.7

The above equations show the influence of SO4> on the release of electrons, which were
responsible for the enhanced electricity generation in CW-MFC-replete. On the other hand, for
CW-MFC-deplete, the absence of SO4> would have enhanced the resistance for efficient
electron transfer, resulting in a low Ecen output in CW-MFC-deplete; similar results were also
reported by Srivastava, et al. [166]. It is also clear from the batch mode operation that when
wastewater (media) within the microcosms becomes old, it gives higher Ecenn than wastewater

that change continuously. The high Ecenn output was due to the redox-active metabolites in old
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media, which had a strong oxidation capability than the media changing continually in a
continuous operation mode [187]. Due to redox coupling with sulphur metabolites, CW-MFC-
replete performed better than CW-MFC-deplete even after a longer contact time, and no

toxicity effect was observed.

4.3.3. Characterisation of precipitates

In CW, the removal of SO4* is mainly dominated by the adsorption onto organics or
precipitation in the form of metal sulphides [114]. Therefore, after the completion of
experiments, graphite and normal gravels from the anode of all the microcosms were analyzed
using several characterization techniques. The SEM-EDX was used to characterize the
morphology and structure of the biofilm as well as the precipitation that occurred at the anode.
SEM imaging of the anodes of all the microcosms showed a thin visual biofilm onto the surface
of gravels. The microbes were scattered and embedded in extracellular polymeric substances,

with some linkages observed linking the biotic aggregates.

Nevertheless, the biofilm in CW-MFC-replete and CW-MFC-deplete showed different
microbial structures than for CW-replete (Figure 4-5 (a, b, and c¢)). The CW-replete showed a
chain like microbial structure (Figure 4-5(c)), whereas CW-MFC-replete and CW-MFC-
deplete showed a tubular microbial structure (Figure 4-5 (a, b)). The difference in microbial
structure could be due to the presence of the conductive material, which may have influenced
microbial adaptation. Furthermore, EDX imaging associated with SEM imaging in Figure 4-5
(a, b, and c) offers insights into the deposition of chemical constituents, indicating that CW-
MFC-replete and CW-replete had sulphur precipitates along with other chemical constituents
on the gravels. The total counts of sulphur deposited on the graphite gravels of CW-MFC-
replete was 1.4%, whereas in CW-replete, it was 3.5%. The precipitation of sulphur was high
in CW-replete than CW-MF C-replete, which agreed with the theory explained previously for

the removal efficiency and electricity generation.
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Figure 4-5. SEM imaging with associated EDX analysis of the anode of: a. CW-MFC-deplete;
b. CW-MFC-replete; and c. CW-replete. Figure a’ is a coloured image of precipitation of all
chemical constituents, b’ and b’ are the precipitation of all chemical constituents and sulphur
precipitation, respectively; ¢’ and ¢’ are the precipitation of all chemical constituents and
sulphur precipitation, respectively.

Additionally, the XRD analysis was also performed on the precipitate samples; however, no
apparent diffraction peaks were observed at 20 from 10° to 90°, which indicates amorphous
nature of the samples, as shown in Figure A3 and Table A2 (Appendix 2). Therefore, XPS
analysis was also performed to analyze the chemical components of the precipitate. Figure 4-
6 illustrate the survey of all the anode samples from each microcosm, which indicates a sulphur
peak below 200 eV in CW-MFC-replete and CW-replete that is absent in CW-MFC-deplete.
Additionally, Figure 6d and 6e demonstrate a broad S2p spectra for the anode of CW-replete
and CW-MFC-replete, respectively. The broad peaks were determined between 161 and 168
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eV binding energy (BE). The peak was further divided into one doublet and one singlet: S2p3/2
and S2p1/2 components, which were further assigned as S and SO4> [185]. In general, the
lower energy peak signal is assumed to be the most reduced forms of sulphur such as sulphide,
whereas higher energy peak signal denotes the most oxidized form of sulphur such as sulphate;
the remaining peak can be assigned to sulphite and polysulphide [188]. The reduction of SO4*
into S* followed by oxidation to elemental sulphur has been studied by Ter Heijne, et al. [179].
The XPS peak of CW-MFC-replete and in CW-replete (Figure 6d and 6e) revealed that the
highest binding energy (BE) peak is for SO4* and then S*. The more intense peaks of S2p3/2
and S2p1/2 were observed, and based on BE, it can be concluded that the precipitate of SO4>
and S* was significantly higher in CW-replete than the CW-MFC-replete. The total atomic
mass % of sulphur in CW-MFC-replete and in CW-replete were 0.84% and 2.49%,
respectively, that also signifies higher sulphur precipitation in CW-replete than CW-MFC-
replete. Further, low atomic % of sulphur content in CW-MFC-replete also signifies that S*
was again converted into SO4* or was being re-utilized either for electricity generation or

reduction/oxidation of other chemical constituents.
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Figure 4-6. XPS survey of a. CW-MFC-replete; b. CW-replete; and c. CW-MFC-deplete; and
high-resolution spectra of: d. CW-replete; and e. CW-MFC-replete. In Figure d and e fitting
of the recorded spectrum detected several signals of sulphate (denoted in the figures).

4.3.4. Microbiology

Microbiological analysis of all the samples from the microcosms along with the inoculum
sample was performed after the completion of the experiments. In the amplicon sequencing
test, a total number of 169767, 291479, 283908, 325072 and 194077 effective reads were
present after the quality control steps in CW-MFC-replete, CW-MFC-deplete, CW-replete,
CW-deplete and inoculum, respectively. The Shannon index was used to find the species
richness (diversity) and evenness of all the microcosms. The Shannon index of CW-MFC-
replete, CW-MFC-deplete, CW-replete, CW-deplete and inoculum were 3.5,3.2, 2.9, 3.2, and
2.4, respectively. The maximum Shannon index was found in CW-MFC-replete, and the lowest
was in the inoculum. The high Shannon index in CW-MFC-replete indicates high microbial
richness followed by CW-MFC-deplete, CW-deplete, CW-replete and inoculum. The low
Shannon index in samples indicates that it was mainly inhabited with a specific microbial
community, whereas high Shannon index denotes higher diversity. With the low Shannon
index, the inoculum was mainly inhabited with the microbes from the

phylum Firmicutes (89.3%) followed by Actinobacteria (7.2%) and Proteobacteria (2.1%).
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The microbial community changed significantly from inoculum after inoculation into the

microcosms, particularly in S-replete and S-deplete conditions (Figure 4-7).

At the phylum level, CW-MFC-replete was densely populated with Spirochaetes (31.3%),
followed by Firmicutes (29.7%), Proteobacteria (12.1%), Chloroflexi (10.9%), Actinobacteria
(6.9%), Bacteroidetes (4.3%) and Synergistetes (1.6%). Additionally, the CW-MFC-deplete
was enriched at the phylum level with Firmicutes (54.6%) followed by Actinobacteria (18.8%),
Spirochaetes (11.8%), Bacteroidetes (3.6%), Proteobacteria (2.8%) and Synergistetes (1.5%).
The CW-replete was enriched with phylum Firmicutes (31.2%), followed by Proteobacteria
(21.8%), Spirochaetes (16.7%), Chloroflexi (9.6%), Actinobacteria (9.2%) and Bacteroidetes
(6.9%). On the other hand, CW-deplete microcosms were dominated by phylum Firmicutes
(55.7%), followed by Proteobacteria (19.1%), Spirochaetes (9.6%), Actinobacteria (6.1%),
Chloroflexi (4.4%), and Bacteroidetes (2.2%). The high abundance of phylum Firmicutes in
all the microcosms was due to its dominance in the inoculum; however, in S-replete conditions,
the abundance was less than the S-deplete conditions. In CW-replete and CW-deplete
Firmicutes was main enriched microbes, which are known as fermentative microbes and are
mostly present in anaerobic conditions for organic degradation. However, in the presence of
conductive material, these Firmicutes also participated in electricity production by the
degradation of organics. Besides, Firmicutes were reported to be responsible for sulphate
reduction in bioelectrochemical systems [182]. Thus, Firmicutes plays an important role in
interlinking the sulphur cycle with other pollutants and influence the electron transfer in CW-
MEFC. The presence of Actinobacteria, and Bacteroidetes in CW-MFC are also recognized for
organic degradation and electricity production in bioelectrochemical systems [172, 180, 189].
Furthermore, Spirochaetes was abundant in CW-MFC-replete, which are mainly anaerobic

microbes and their enrichment participates in the glucose oxidation with acetate as an end
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product [190]. Further, Spirochaetes are also known for enhancing electricity generation, and

they adapt easily even in variable environmental conditions [191].

I \WWE1

] WPs-2

[ | Tenericutes
™7
Synergistetes
Spirachaetes
Proteobacteria
Planctomycetes
NKB19
Lentisphaerae
Firmicutes
Elusimicrobia
Cyanobacteria
Chloroflexi
Chlorobi
Bacteroidetes
BRC1
Armatimenadetes
Actincbacteria

NNNNEN N NEY AN

&
a
Qo
T
2
Q
o}
o

Q
5
Q

p__WWE1;c__[Cloacamonag]
p_WPS-2;c__
p__Tenericutes;c__Mollicutes
p__TM7,c__TM7-3
p__Synergistetes:c__Synergistia
p__Spirochaetes;c__Spirochaetes

p__Proteobacteria;c_ G bacteria

p__Proteobacteria;c__Deltaprotecbacteria
p__Protecbacteria;c__Betaproteobacteria
p__Proteobacteria:.c__Alphaproteobacteria
p__Planctomycetes;c__Planctomycetia
p__NKB19;c__
p__Lentisphaerae;c__[Lentisphaeria]
p__Firmicutes;c__Clostridia
p__Firmicutes:c__Bacilli
p__Elusimicrobia;c__Endomicrobia
p__Cyanobacteria;c__4C0d-2
p__Chloroflexi;c__Anaerolineae
p__Chlorobi:c__OPB56
p__Chlorebic__Ignavibacteria
p__Chlorobi;c__
p__Bacteroidetes;c__Bacteroidia
p__BRC1;c_ PRR-11
p__Armatimonadetes;c__
p__Actincbacteria;c__Thermcleophilia
p__Actinobacteria:c__Actinobacteria
p__Acidobacteria;Other

Other;Other

Relative abundance %

2 2
Ko K
o o
2 5
p g
s 5

CW-MFC-replete

CW-MFC-deplete

120

Relative abundance %

—57.00

—29.00

2200

— 15.00

—8.000

1.000

Inoculum

87



c Relative abundance%

- 77.00

Tenericutes;Other
CWwWo040

Blgi18
Synergistales
Spirochaetales
Sphaerochaetales
Xanthomonadales
Pseudomonadales
Aeromonadales
Myxococcales
Desulfuromonadales
Desulfovibrionales
Desulfobacterales
Proteobacteria;o__
Rhodocyclales
Neisseriales
Burkholderiales
S0O-13

— 70.00
[~ 63.00

- 56.00

Rhodospirillales
Rhedobacterales
Rhizobiales
Caulobacterales
Pirellulales
NKB19;0__
Victivallales
Clostridiales
Firmicutes;Other
Lactobacillales
Elusimicrobia;o__
YS2

WCHB1-50
SBR1031

GCAQ04
Anaerolineales
Ignavibacteriales
Chlorobiio__
Bacteroidales
RC10__
Armatimonadetes;o__
Gaiellales
Actinomycetales
Acidobacteria;Other
Other

CW-replete
CW-deplete
CW-MFC-replete
CW-MF C-deplete
Ineculum

Figure 4-7. The microbiological analysis of CW-MF C-replete, CW-MFC-deplete, CW-replete,
and CW-deplete, based on: a. Phylum, and heatmap based on b. Class, and c. Order.

The microbes from the phylum Proteobacteria have a crucial role in electrochemical activities.
They include a wide range of microbes involved in sulphur metabolism [172, 192]. Most of
the species from class Deltapreoteobacteria are recognized as sulphate reducing bacteria
(SRB) and EAB. The abundance of Deltapreoteobacteria was higher in CW-MFC-replete
(7.3%) in comparison to CW-MFC-deplete (1.2%), CW-replete (1.5%), and CW-deplete
(1.0%). The presence of genus Desulfovibrio (6.2%), and Desulfobulbus (0.8%), SRB and
SOB, respectively, from class Deltapreoteobacteria, and order Desulfovibrionales and
Desulfobacterales in CW-MFC-replete implies the mechanism of sulphur reduction and
oxidation in CW-MFC-replete [180, 185]. However, the presence of Desulfovibrio, an SRB in
CW-replete was only 0.9%. The richness of order Desulfovibrionales and Desulfobacterales in
CW-MFC-replete was higher than the other microcosm (Figure 4-7 (c)), which signifies the
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efficient electron transfer in CW-MFC-replete since they are considered in a category of
exoelectrogenic bacteria, which uses electrode as an electron acceptor in bioelectrochemical
systems. Besides, they have a strong linkage between the sulphur and other pollutants. The low
efficiency of CW-MFC-deplete for electricity generation could be due to less abundance of
Deltapreoteobacteria, which is an important electrogenic microbes. In addition, SOB also
belongs to Gammaproteobacteria, which was 0.5% in CW-MFC-replete and 0.1% in CW-
replete [193]. The higher relative abundance of Gammaproteobacteria in CW-MFC-replete
was due to the presence of electrodes, which acted as an electron acceptor and assisted
oxidation of S* due to which reoxidation was high. The SRB also considered from genus
Clostridium that was present in CW-MFC-replete (0.4%) and CW-replete (0.1%) [185]. The
microbial community analysis demonstrates the presence of SRB and SOB in the CW-MFC-
replete which was higher than CW-replete, responsible for reduction and oxidation of sulphur
and high bioelectricity generation. The microbial community at phylum, class and order level
is illustrated in (Figures 4-7 (a, b, and c)) respectively. The high abundance of microbes and
performance of CW-MFC-replete also shows that there was no influence of toxicity build up

on the microbial performance even in the long-term operation of the experiment.

4.4. Conclusions

The present study establishes the positive association of SO4> and conductive materials on
ammonium and organic pollutants removal along with the electricity production in CW-MFC.
Further, it signifies that conductive materials can help in reducing the adverse impact of
reduced sulphur compounds on microbial diversity by re-oxidising them. The presence of SO4*
could play a significant role in CW-MFC, whereas in a traditional CW, it started impacting the
treatment efficiency due to the precipitation of toxic S* and associated toxicity build-up. The
presence of SO4*containing wastewater in traditional CW starts impacting the treatment

efficiency due to the precipitation of toxic S* and associated toxicity build-up. Further, a
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comparison of treatment efficiency between CW-MFC-replete and CW-MFC-deplete shows
that the presence of SO4* in wastewater has a substantial influence on the treatment efficiency
and electricity generation. This study also concludes that the redox coupling of SO4* and its
reduced productin the presence of electrodes have positive impact in CW-MFC, and no toxicity
buildup was observed in the substrate; rather, it increased its treatment and electricity
performances. The microbiological study also proved that CW-MFC-replete had higher
microbial diversity (high Shannon index) with the abundance of SRB and SOB for reduction
and oxidation of sulphur compounds. Thus, CW-MFC has proven as a promising alternative
technology for treating SO4* containing industrial or mine wastewaters without obstructing the
treatment performance even with the long-term operation. However, still a clearly proven
pathway for nitrogen removal in association with sulphur should be explored in pilot level
planted CW-MFC. In prospective with the economic value of CW-MFC it is suggested to use
reusable low-cost conductive material of natural origin such as natural coal. In this study the
conductive material was mainly carbon-based natural material and was cost-effective. Thus,

the studied process is economical and sustainable.
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Chapter S: Influence of applied potential on
treatment performance and clogging behaviour of
hybrid constructed wetland-microbial

electrochemical technologies
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Abstract
A two-stage hybrid Constructed Wetland (CW) integrated with a microbial fuel cell (MFC),

and microbial electrolysis cell (MEC) has been assessed for treatment performance and
clogging assessment and further compared with CW. The CW-MEC was operated with applied
potential to the working electrode and compared with the performance of naturally adapted
redox potential of the CW-MFC system. A complex synthetic municipal wastewater was used
during the study, which was composed of trace metals, organics, inorganics, and dye. The study
demonstrated that providing a constant potential to the working electrode in CW-MEC has
resulted in high treatment performance and reduced sludge generation. The maximum chemical

oxygen demand (COD), ammonium (NH4"), and phosphate (PO4>") removal achieved during
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treatment by CW-MEC at 24h hydraulic retention time was 89+6%, 72+6% and 93+2%,
respectively. ICP-MS results indicated that trace metal removals were also higher in CW-MEC
than in CW alone (p < 0.05). At the end of the experiment, a significant volumetric change
(total volume of the microcosm) occurred in CW (1.3L), indicating high sludge generation. In
contrast, it was lesser in CW-MEC (0.3 L) and in CW-MFC (0.5 L). Further, Energy Dispersive
X-ray (EDX) spectroscopy results indicated low levels of metal precipitation in the CW-MEC
system. Based on the Shannon diversity index, the CW-MEC was assessed to be characterised
by high species richness and diversity. The observations from this study indicate that the
applied potential at the working electrode has a significant impact on the system's treatment

performance and clogging behaviour.

5.1. Introduction

Biological treatment processes are eco-friendly and cost-effective techniques for wastewater
treatment. They are widely used to treat various pollutants such as nutrients, organic matter,
heavy metals, and dyes [194, 195]. One class of biological wastewater treatment systems,
constructed wetlands (CWs), have been used for the treatment of a variety of wastewaters,
including municipal [196], domestic [197], industrial [198] and mining [199] effluents. The
CWs are considered sustainable technology based on their main features, including low
maintenance, operation, and construction cost [19, 183]. As it is a biological process, the
treatment performance of CWs is impacted by the operating conditions and composition of the
wastewater [200, 201]. One primary concern for biological processes is excessive sludge
formation, which requires further disposal or management that alone can account for 25-50%

of total operating cost for the treatment processes [202].

Furthermore, clogging associated with sludge formation is common, and the accumulation of
organic/inorganic constituents can lead to a decrease in a system’s lifespan [162]. Due to
clogging, effective treatment of various pollutants such as nutrients, organic matter, dyes and
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metals in the same system is complicated [203], and hinders treatment performance. Based on
previous studies, uncoupled microbial metabolism plays a crucial role in the generation of
excess sludge [202, 204]. Excess sludge production in biological treatment processes has
always been linked to the microbial community's composition, thus change or transformation
in the microbial community might reduce the sludge formation and enhance treatment
performance [202, 205]. It has also been reported that the generation of excess sludge can be

reduced by applied potential [202].

In recent decades, microbial electrochemical technologies (MET) have been widely used for
improving wastewater treatment with electrogenic microbial activity [99, 176]. Recent MET-
based CWs have proven to be an efficient biological method for improved wastewater
treatment while simultaneously producing electricity [33, 159]. The integration of MET in
CWs, either in the form of CW-Microbial Fuel Cell (CW-MFC), CW-Microbial Electrolysis
Cell (CW-MEC), or electroactive wetlands, enhances the reaction rate by assisting the normal
microbial community and promoting electroactive microbes sometimes referred to as
‘electrogens’ [131]. These electroactive microbes use conductive materials as electron donors
and acceptors, based on reactor configurations, to transfer an electron from anaerobic oxidative
(anode) to aerobic reductive (cathode) regions [160, 164]. The recovery of electrons from the
microbial cell is mainly based on the redox potential between the anode and the cathode [99].
To date, the high internal resistance of CW-MET is the major cause of low voltage output or
electron recovery, even with high treatment performance [206, 207]. Several studies have
attempted to obtain high electron recovery and higher electrical performance in CW-MFC [207,

208].

On the other hand, a few studies analysed CW-MET performance by applied potential targeting
specific pollutants such as nitrate removal [71]. Similarly, Xiao, et al. [206] have applied
voltage to the anode of CW-MFC to study nitrogen removal performance and its effect on reed
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planted in CW-MFC. The study observed that at an applied potential of 3V, the ‘giant reed’
species Arundo donax was able to adapt, and growth was unaffected; however, at 5V, 4. donax
showed voltage stress. The study concludes that the level of applied potential used to recover
maximum current should also be based on the sustainability of plants at that applied voltage.
The applied voltage to the MET systems regulates the redox potential and impacts the system's
overall environment. To date, the impact of redox potential on treatment performance, electron
recovery, and clogging assessment has not been reported in CW-MET studies. In the present
study, a constant potential has been applied to the working electrode (anode) to determine the
impact on treatment efficiency and clogging. A complex synthetic municipal wastewater was
chosen for the study since it contains a wide range of pollutants, including recalcitrant
pollutants (such as trace metals and dyes) similar to real municipal wastewater. The study's
main objective was to reduce sludge formation/clogging while achieving high treatment

efficiency with maximum electron recovery.

5.2. Materials and methods

5.2.1. Reactor fabrication and start-up

To achieve higher treatment efficiency and reduced sludge generation, three sets of hybrid CW
were set up in two stages where vertical up-flow CWs (VUF-CW) were followed by horizontal
flow CWs (HF-CW). The laboratory-scale hybrid CW microcosms, VUF followed by HF, were
set up using PVC pipes and plastic containers, respectively. The dimensions of the VUFs were
520 mm X 104 mm (length X diameter), and the HF was 259 mm X 181 mm X 140 mm (length
X width X height) for all three sets of microcosms. The substrate used in two sets of hybrid
CW microcosms was graphite gravel, whereas the third set of hybrid CW was filled with
normal gravel (garden pebbles). The average substrate size used in all three sets of the hybrid
CW was diameter (@) = 5-8 mm. The net volume (void volume) of each VUF-CW was 1.5 L,

and HF-CW was 1.8 L. At the inlet and outlet of each microcosm, large-size gravel of @ = 10-
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12 mm was used to support equal distribution of wastewater and to avoid clogging at the inlet
and outlet zones. One of the two sets of hybrid VUF-CW microcosms filled with graphite was
integrated with MFC (CW-MFC). The other graphite-filled VUF-CW was integrated with a
continuous voltage supply at the working electrode (CW-MEC).

The HF-CW of CW-MFC and CW-MEC were filled with graphite gravel without any
compartmentation or electrical circuitry (electroactive wetlands). The third set of hybrid CWs
was filled with regular gravel (garden pebbles) without any compartmentation in VUF-CW,
followed by HF-CW. The HF-CW substrate configuration of CW-MFC and CW-MEC was as
follows: at the bottom, 40 mm layer of large-sized normal gravel (@ = 10-12 mm), overlaid by
graphite gravel (@ = 5-8 mm) up to the height of the microcosm. The VUF-CW of CW-MFC
and CW-MEC filling was as follows: large size normal gravel to 40 mm from the bottom,
overlaid by graphite gravel of thickness 170 mm (anode), followed by a normal gravel layer of
210 mm thickness as a separator, again overlaid by graphite gravel of thickness 80 mm
(cathode). The anode and cathode of VUF were equipped with a charge collector of graphite
plates (length x width = 100 x 100 mm) buried in graphite gravel. Graphite plates of the same
dimension were used as the cathode with % of the area in contact with the air. One end of each
of the graphite plates was connected to a stainless-steel wire (0.1 mm). The VUF-CW of all
three sets of microcosms were equipped with perforated PVC pipes to monitor the redox
potential at the anode and regulate the mixing of wastewater in the microcosm. The pipes were
400 mm x 50 mm (length x diameter) with 2 mm holes along their lengths. These were buried
in the layers to about 140 mm above the bottom of the microcosm. In CW-MFC, a reference
electrode Ag/AgCl (Sigma Aldrich, Australia) was used to monitor redox potential through the
perforated PVC pipe, whereas, in CW-MEC, the perforated PVC pipe was to provide a constant
potential through a reference electrode to the working electrode (anode). The HF-CW of three

sets of microcosms were planted with common reed (Phragmites australis).
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Figure 5-1. The laboratory setup of hybrid CW reactors: a. laboratory photos of the three
hybrid-CW setups, b. schematic diagram of one of the hybrids CW (CW-MEC), c. measurement
of perforated pipe used in VUF-CW of all the microcosms, d. the electrical circuit used in CW-
MET for the measurement of current (d’), voltage (d’’), and applied potential through
reference electrode (d’”’).

5.2.2. Synthetic wastewater composition and inoculum

The reactors were fed with synthetic complex wastewater in a continuous mode. The
composition of wastewater was adopted from Wang, et al. [202] with little modification except
the addition of chromium and methylene blue dye as additional pollutants. The composition of
wastewater was as follows: 118.0 mg/L CcH120s, 216.0 mg/L, C2H3NaOz2, 59.0 mg/L KH2POs4,
153.0 mg/L NH4Cl, 28.0 mg/L, CaClz, 51.0 mg/L, MgS0O4-7H20, 9.0 mg/L FeSO4-7H:0,
0.005 mg/L H3B03,0.005 mg/L ZnClz, 0.003 mg/L, CuClz, 0.005 mg/L MnSO4-H20, 0.005
mg/L (NH4)sMo07024-4H20, 0.005 mg/L AICI3, 0.005 mg/L, CoCl2-6H20, 0.005 mg/L NiCla,

0.005 mg/L K2Cr207 and 0.5 mg/L, Ci16H1sCIN3S (methylene blue).
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All the microcosms were inoculated with sludge inoculum (2.0% v/v) collected from a local
wastewater treatment plant operated by TasWater in Launceston, Tasmania, Australia. At the
beginning of the experiments, all three reactors were inoculated with 500 ml sludge inoculum
mixed with 9.4 L of synthetic wastewater. The inoculum and synthetic wastewater were mixed
and kept in the refrigerator overnight before using it in the microcosms. The media inside the
microcosm was changed regularly using a 1:1 ratio, where 1 part of old media from the
microcosm was mixed with 1 part of freshly prepared media, and microcosms were kept in
batch mode of operation for two months. Afterwards, the microcosms were operated in
continuous mode for another month. Once the microcosms reached a steady state, all the

analysis was commenced.

5.2.3. Operation strategy and redox potential measurement

The microcosms were operated on over 420 days in a continuous mode with a constant
chemical oxygen demand (COD) of 275 mg/L. The organic loading rate (OLR) was varied with
decreasing HRT. At HRT of 24 h, the OLR was 11 mg/L-d, with decreased HRT of 12 h and
6 h; the corresponding OLR was 23 mg/L-d and 45 mg/L-d, respectively. The pollutant removal
efficiency and clogging assessment was monitored on all three HRTs. In the first week of the
experiment, the polarization of the cathode and anode of CW-MFC and CW-MEC was
performed by applying potential through a power supply. The anode polarization of CW-MFC
and CW-MEC was performed at an applied potential of -100 to -400 mV against an Ag/AgCl
reference, and the cathode polarization at an applied potential from 100 to 400 mV. Based on
the measured current, CW-MEC was configured to provide -400 mV at the anode continuously.
The CW-MEC was continuously run at a fixed potential at the anode with the help of a DC

power supply (TENMA, DC POWER SUPPLY).
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5.2.4. Analysis and Calculations

The microcosms were monitored daily for pH, temperature and redox potential. The average
room temperature was ~23°C. The wastewater treatment parameters, total organic carbon
(TOC), chemical oxygen demand (COD), total nitrogen (TN), ammonium (NH4"), phosphate
(PO4*), dye and metals were analysed every week. All the samples were filtered through a
syringe filter (0.45um, MicroScience) before analysis. The TOC and TN analysis was
performed with Shimadzu TOC-TN analyser (Model TNM-L ROHS), COD was analysed
according to the APHA standard methods 5220D [84]. The NH4", NO3", NO2” and PO4* was
analysed with ion chromatography (Eco IC, MEP Instruments, Metrohm). Dye removal was
analysed through UV-Vis Spectrophotometer (Agilent technologies) by comparing with the
standard curve. The metal concentration was measured through Inductively coupled plasma
mass spectrometry (ICP-MS). Furthermore, the voltage (Ecen) was recorded every 12 seconds
using a PCLink multimeter connected to the computer. The internal resistance of CW-MFCs is
a measure of the voltage against current. In the present study, the internal resistance was
determined as the ratio of measured current and the voltage reduction from open-circuit voltage
(OCV) to current at a particular operating point.

The gravels from each microcosm's anode were characterised by scanning electron microscopy
(SEM, Hitachi SU-70 field emission SEM) to observe the precipitate on the gravels. The
dehydration of gravels was performed by submerging in glutaraldehyde solution (2.5%) for 1
hour, then rinsing with phosphate buffer (pH = 7) three times and then submersion in ethanol
(30%, 50%, 70% then 90%) each for 10 minutes [176]. All samples were freeze-dried (-18°C).
Further, the samples were coated with platinum for surface morphology analysis by SEM. The
samples' elemental composition was determined by the attached Energy Dispersive X-ray

(EDX) spectroscopy (Oxford AZtec XMax80 EDX system).
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5.2.5. Volatile suspended solids (VSS), Volumetric change, and Tracer test

Sludge generation and clogging were analysed by VSS analysis, volumetric change, and tracer
test. These were compared with the conditions at the beginning and the end of the experiment.
The VSS of all three sets of the hybrid CW was analysed at the beginning of the experiment
and then after each HRT. Samples of 200 mL were taken from both HF-CW and VUF-CW of
each set of microcosms. Samples were filtered through a Whatman glass microfibre filter paper
of 0.7 um pore size and dried at 500°C in a furnace (Labec, manufactured in Australia) for one

hour. The VSS was calculated based on Equation (Eq.) 1,

VSS (%) =1, —Fy Eq.1

Where Iv is the initial weight of the samples, and F'v is the final weight of the samples after
drying.

The volumetric change (net volume) was estimated by discharging the whole volume from the
microcosms at the start of the experiment and after completion of the 24 h, 12 h and 6 h HRT
experiments. The volume difference was calculated by subtracting the final volume from the
initial volume each time, Eq. 2. The net volume was the volumetric change of each microcosm.

Net volume (L) = Initial Volume — Final Volume Eq.2

At the end of the experiment, a dye tracer test was performed where 2 g of methylene blue dye
was dissolved in 1 L of tap water and injected in the inlet pipeline of each microcosm. The
HRT was determined from the time taken for the dye to travel from injection to its appearance
at the outlet. Clogging was analysed based on the differences between initial HRT and the HRT
of dye within the system at the end of the experiment. The retention time of dye within each
setup was calculated by Eq.3,

Hydraulic time (h) = Retention time — Injection time Eq.3
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5.2.6. 16s RNA sequencing

Microbiological samples were taken from each component (VUF and HF) of the hybrid-CWs
after completion of the experiments to monitor the change in microbial diversity of each
microcosm. The gravels and 50 mL of wastewater were taken from each microcosm's anode
(VUF and HF of all three sets of microcosms). DNA extraction and diversity profiling were
performed by AGRF, Australia. The Amplicon sequencing was performed to analyse the data
with target 27F with reverse and forward primer of AGAGTTTGATCMTGGCTCAG and
GWATTACCGCGGCKGCTG, respectively. The total read length was 300 bp. Diversity
profiling analyses were performed with QIIME 2 2019.7 [209]. The demultiplexed raw reads
were primer trimmed and quality filtered using the cutadapt plugin followed by denoising with

DADAZ2 (via g2 - dada2) [210]. Taxonomy was assigned to ASVs using the q2 - feature

classifier [211] classify - sklearn naive Bayes taxonomy classifier.

5.3. Results and discussion

5.3.1. Electric potential measurements

Figure 5-2 demonstrates the current generation of CW-MFC and CW-MEC with the varied
anodic and cathodic potential; the maximum measured current in both microcosms was at an
applied potential of -400 mV. As shown in Figure 5-2, with more negative applied potential (-
400 mV) at the anode and more positive applied potential (400mV) at the cathode, the current
generation was higher in CW-MFC than in CW-MEC. Based on this, the working electrode
(anode) of CW-MEC was held at a constant voltage of -400 mV throughout the experiment.
On the other hand, to verify the role of redox potential gradient for the recovery of electrons in
terms of Eceni (cell potential) in CW-MFC, cell potential was monitored and compared with CW-
MEC. Since the anode of CW-MEC was held at a negative potential due to the favourable
redox gradient, the maximum Ecen measured was 480 mV at 24 h HRT, which decreased to 466

mV and 359 mV at 12 and 6 h HRTs, respectively. On the other hand, the mean value of natural
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anode potential in the CW-MFC was -237 mV, lower than the desired potential to generate
maximum voltage as obtained from Figure 5-2, i.e., the measured Ecen in the CW-MFC was
lower than the CW-MEC at all HRTs. The maximum measured Ecenl in the CW-MFC was 141,
130 and 109 mV at HRTs of 24 h, 12 h and 6 h, respectively (Figure 5-3). Subsequently, the
power density of CW-MFC with the decrease in HRTs was 22.1 mWm™ at 24 h, 18.8 mWm™
at 12 h, and 13.2 mWm at 6 h. The Ecell in the CW-MEC did not significantly vary even with
higher OLR, whereas the CW-MFC had lower Ecen at all OLRs. The mean cathode potential of
CW-MFC and CW-MEC was 238 and 273 mV, respectively, which was similar for both

microcosmes.
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Figure 5-2. The polarization of CW-MFC and CW-MEC: cathodic and anodic polarization
on the applied potential of 100 to 400 mV and -100 to -400 mV, respectively.

Additionally, monitoring the redox potential of CW indicated no variation throughout the
vertical upflow microcosm bed. Typically, due to the lack of an electron acceptor in traditional
CW, microbial metabolism and flow of electrons do not occur through nonconductive gravels;
thus, no variation can be observed throughout the gravel bed [212]. Due to enhanced microbial
metabolism in the presence of an artificial electron acceptor in the CW-MFC, a sharp redox

variation can be observed spatially and temporally. On the other hand, the redox gradient in
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CW-MEC further enhances the flux of ions in wastewater, allowing the current flow in the
circuit, hence improving the electron recovery [212]. With the applied potential at the anode of
CW-MEC, the redox gradient created in the system was favourable for the microbes,

decreasing the resistance and enhancing the electron transfer between microbes and electrodes
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Figure 5-3. Cumulative Ecen of CW-MFC and CW-MEC at different HRTs; the time in
seconds is the average time that data was collected for different HRTs.

When the anode potential was more negative, it was also closely related to a higher electron
flux and higher reduction at electrodes in the microcosms. Mixed microbial communities
mainly dominated the CW-MFC and CW-MEC microcosms, and each microbial community
has its own optimal potential [99, 166]; in the CW-MFC, the anode potential was allowed to
float to a relatively constant potential in comparison to the CW-MEC, where applied potential
was constant. Thus, the variation in anodic potential can create losses in electron flow and
subsequently decrease electricity generation [207]. Thus, applied potential in the CW-MEC
can significantly impact electron flux generated in the microcosm. The low Ecenl performance
of the CW-MFC was due to the high internal resistance of the microcosm. In general, CW-

MFCs have high internal resistance due to their large dimension and high surface area. The
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internal resistance of CW-MFCs was 1200 Q at 24 h, which changed to 1450 Q at 12 h, and
1380 Q at 12 h. The change in internal resistance was because the internal behaviour of CW-
MFC can change with the condition of the cell, with changes of chemistry and physical
conditions at the anode and cathode individually. Maintaining constant potential at the working
electrode using external power sources might decrease internal resistance resulting in higher
Ecen performance.

5.3.2. Treatment performance

5.3.2.1. Based on redox potential and different HRT

In previous reported CW-MFC studies, integration of the MFC has always improved the
treatment performance of a CW due to the inclusion of an electrode for pollutant removal in
the absence of other electron acceptors [128, 131, 207, 213]. The enhancement in treatment
performance mainly comes from the pollutant oxidation by electroactive bacteria (EAB) at the
CW-MFC's anode. However, due to unfavourable redox potential between EAB and the
electrode and further between anode and cathode, electron recovery from microbial cells is
usually challenging. Therefore, to understand the influence of redox potential on electron flow,
the CW-MFC and CW-MEC treatment performance compared to a CW was evaluated at
different HRT. The treatment efficiency was evaluated based on the final effluent flowing
through VUF-CW to HF-CW.

Figure 5-4 shows the removal efficiency for several pollutants in a CW-MEC, a CW-MFC and
a CW. At 24h HRT, the order of pollutant removal efficiency was: CW-MEC > CW-MFC >
CW. The removal efficiency decreased when decreasing HRT (increased OLR) from 24 to 6
h; still, there was a significant difference in the removal performance of CW-MEC in
comparison to CW-MFC and CW (p <0.05). The mean COD removal in CW-MEC was 89+6%
at 24 h HRT, further decreasing to 84+6% at 6 h HRT. On the other hand, in CW-MFC, the

mean COD removal was 85+5% at 24 h HRT, which decreased to 79+9% at 6 h HRT. Likewise,
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in CW, the mean COD removal was 76+9% at 24 h HRT, which decreased to 69+6% at 6 h
HRT. Figure 5-4 shows that the treatment efficiency of CW-MEC was better than other
microcosms at all the HRTs. Furthermore, the same pattern was observed for other pollutants
such as TN, NH4", and PO4+* shown in Table 5-1, where maximum removal was achieved in
the CW-MEC which had a significant treatment performance difference compared to CW at 6
h HRT (p <0.05). A significant difference in treatment performance was also observed between
CW-MFC and CW-MEC (p < 0.05) at HRT of 6 h. Doherty, et al. [143] reported removal of
64-81% COD, 48-52% TN, 55-59% NHa4"-N for treating swine wastewater in a vertical
graphite based CW-MFC. The methylene blue dye was also used as a model pollutant, which
was 100% removed in all the reactors at 24 and 12 h HRTs, whereas this dropped to 65+10 %
removal in CW at 6 h HRT. Yadav, et al. [33] has also reported 80% of methylene blue removal
from the initial concentration of 2000 mgL" in HRT of 4 days in vertical graphite-based CW-
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Figure 5-4. The range of TOC, COD, TN, and NH4*, removal in all reactors at different HRTs.
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Table 5-1. The mean influent concentrations and removal efficiencies of pollutants at different
HRTs in CW-MFC, CW-MEC and CW.

CW-MEC (%) CW-MFC (%) CW (%)
HRT (h)
Initial 24 12 6 24 12 6 24 12 6

(mg/L)
TOC  108£12  65+7 66+£5 6448 6329 64+12 61+6  53+6 53+10 4749

COD 26748 89+6 87+4  84+5 85£5 868 8019  76£9  T74+4  69+6
TN 67+4 59+£5 3349 2445 4849 2246 1343 3546 1244  8+£5
NH," 66+7 7246  55+5 38+7 665 4244 2648  48+7  17+4 1345
PO+ 210+4 93+2 89+£5 746 9246 B6+4  T1+3  T79+6 6519 5047

The low treatment performance of CW was due to limited organics oxidation in the absence of
an electron acceptor since normal gravels cannot participate in charge transfer, and the electron
acceptor (oxygen) was mainly present at the surface (most of the portion was anaerobic) [172,
197]. On the other hand, the CW-MFC had better performance than the CW due to the
electrodes' availability, enhancing pollutant oxidation at the anode and reduction at the cathode.
However, the treatment performance of CW-MEC was higher since the redox potential of the
system played a significant role in electron recovery and subsequently in the treatment
performance. The CW-MEC was supplied with a constant anode potential that maintained
positive redox potential between anode and cathode, along with microbes and electrodes that
favoured efficient electron recovery from the microbial cells. The CW-MFC treatment
performance and the CW-MEC indicate that the redox gradient substantially influenced
treatment performance. The results imply that with applied potential in CW-MEC, the redox
potential was consistent and microbial metabolism was satisfactory; hence the electron
recovery and pollutant removal were high. Nevertheless, with the natural potential differences
in CW-MFC, the microbial metabolism was interrupted at a higher loading rate since microbes
had to maintain the potential naturally, which causes low treatment efficiency in CW-MFC at

higher OLR.
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5.3.2.2. Based on different metals

Metals are often present in wastewater in variable concentrations; however, in municipal
wastewater, metals are expected to be relatively low. In the previous studies of electroactive
wetlands, chromium removal was reported to be 99.9%, even at a high loading rate [177]. In
the present study, trace levels of Al, Zn, Cr, Mn, Ni, Cu, Fe and Co, each with an initial
concentration of Sug/L, were studied. All the metals were quite low in the effluent of all the
microcosms except Fe and in some cases Mn. The Mn concentration was high in the CW
effluent at all three HRTs compared to the CW-MFC and CW-MEC (Figure 5-5). However,
the composition of normal gravels used in CW revealed a high level of Mn (confirmed from
SEM analysis), the likely source of high Mn in the effluent. Since microcosms were operated
for a quite long time (>12 months) the gravels could have released Mn in the system. The other
reasons for high Mn in the effluent of the CW, CW-MEC and CW-MFC other than the influent
concentration could be due to oxidation and reduction state of Mn in the microcosms. The Mn
would have first oxidized from Mn?" to Mn*" which is highly insoluble, and its accumulation
and later oxidation to MnO2 (soluble form) would have accounted for the increase in
concentration. Moreover, the Mn concentration was not very high in the CW-MEC and CW-
MEC. On the other hand, most metals such as Al, Zn and Co in the effluent were below the
detection limit range in CW-MFC and CW-MEC. The Al range in the CW was 5.6 to 8ppb,
while Zn and Co were below the detection limit. The observed Fe concentration in CW-MFC
at 24 h HRT was 36.3 ppb, which increased to 130ppb at 12 h HRT and 262.5 ppb at 6 h HRT.
In the CW-MEC, the observed Fe concentration at 24 h HRT was 58.5 ppb, which increased to
425.0 ppb at 12 h HRT and 386.8 ppb at 6 h HRT.

On the other hand, the maximum observed Fe concentration at 6 h HRT in CW was 166.0 ppb.
The Fe concentration was high in the CW-MFC effluent and the CW-MEC with decreased

HRT (at a high loading rate). Under oxidising conditions, Fe is readily oxidised from Fe** to
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Fe** which readily forms insoluble oxyhydroxides. Under reducing conditions, this is readily
converted back to the highly soluble Fe?". Alternately, the high flowrate required to produce a
6 h HRT, could force precipitates of Fe compounds through the system. The other reason for
higher Fe concentration in CW-MET than the CW could be due to participation of Fe in
pollutant removal in CW, which consumed Fe, whereas in CW-MET the role of Fe was limited.
Other metals were not significantly high in the effluent of CW-MFC and CW-MEC even at 6
h HRT. However, at decreased HRT in the CW the concentration of Cr in the effluent reached
21.7 ppb. The dominating reaction mechanisms involved in the removal of metals in a CW are
adsorption to organic complexes and precipitation on the substrate [214]. Like Fe
oxyhydroxides, Mn oxides can also undergo reductive dissolution under anoxic conditions,
where Mn** is reduced to Mn?" [215, 216]. The accumulation of Fe is usually high in the CW
substrate due to its less reductive nature and low redox potential. Zn has a lower adsorption
affinity typically to the substrate than Cu and Pb; however, complexes of Zn with Mn and Fe
are the major mechanism for removal in CW [216]. Additionally, the high removal of metals
in MET integrated CWs could be due to mainly electroactive microbial mediated reaction
mechanisms [177]. Several other studies have reported biological activity for removing metals
from wastewater [150, 217]. Electroactive bacteria have also been shown to efficiently remove

metals from the wastewater in MET [177, 217].

107



1000

800

600

400

Metal concentration (ppb)

200

Figure 5-5. The mean value of different trace metals in CW-MEC, CW-MFC, and CW at
different HRT.

5.3.3. Clogging tendency assessment

Due to inefficient pollutant removal, sludge generation and solids accumulation typically occur
in a traditional CW. This, in turn, results in clogging and hinders the operation and retention
time of the pollutants. Thus, the impact of electron flow on clogging was evaluated in CW-
MFC, CW-MEC and CW systems. Clogging at high OLR was assessed based on net volume,
VSS, and HRT of each microcosm at the beginning and end of each HRT experiment. Table
5-2 gives details of the volumetric change, VSS and tracer tests.

Based on Table 5-2, the change in net volume (void volume of the microcosm) from the
beginning of the experiment to the end of an experiment was not substantial in the CW-MEC
and CW-MFC; however, it was substantially different in the CW. At the end of the experiment,
the net volume change was 0.3 L in the CW-MEC _VUF and 0.5 L in the CW-MFC_VUF; this
was 0.6 L in the CW_VUF. While there was no change in the net volume in the CW-MEC_HF,

it decreased to 0.2 L in the CW-MFC_HF and 0.7 L in the CW_HF from the initial volume.
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Table 5-2. The difference in net volume and VSS, and tracer test for all microcosms at the
beginning and at the end of the experiments.

Net volume (L) VSS (mg/mL) Tracer test
HRT (h) HRT (h) Before After
Initial . HRT (h) HRT
24 12 6 Initial 24 12 6 (h)
CW- 24 26
MEC
VUF 1.5 1.4 1.2 1.2 332 777+123 1277117 1655+78
HF 1.8 1.8 1.8 1.8 208 1155494 2029+107 2233+96
CW- 24 27
MFC
VUF 1.5 1.4 1.0 1.0 145 923486 24234123 3083£111
HF 1.8 1.8 1.7 1.6 131 2247+135 2099+115 3389+87
CwW 24 30
VUF 1.5 1.3 1.0 0.9 103 998+120 2148+110 3516+122
HF 1.8 1.5 1.3 1.1 396 22974112 2328+134 3587+99

Additionally, the accumulation of sludge/biomass was considered by determining the VSS of
each microcosm at the start of the experiment and comparing it to the VSS at the end of each
HRT experiment. A considerable change in VSS was observed for all the microcosms, among
which CW_VUF and CW_HF had higher VSS than the other microcosms. In contrast, the
lowest VSS at the end of the experiment was observed in CW-MEC_VUF and CW_MEC _ HF.
The high sludge formation in the CW was mainly due to two reasons. Firstly, the lower removal
of organics accumulated on the substrate in the microcosm, and secondly, the formation of
dense biofilm of the substrate (confirmed from SEM). However, due to high treatment
efficiency, the CW-MFC_VUF and CW-MEC VUF only had low organics accumulation,
leading to a volumetric change of 0.3 L in CW-MEC_VUF and 0.5 L in CW-MFC_VUF at the
end of the experiment. As most of the pollutants were removed in the VUF, due to a faster
reaction rate, there was no substantial volumetric change nor major sludge generation observed
in CW-MEC_HF and CW-MFC_HF. The high treatment efficiency in CW-MET decreased the

system's organic and biomass accumulation, which decreased the high sludge generation.
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Tracer tests using methylene blue dye were also performed at the end of the experiment to
observe any differences in HRT. The change in HRT was not large in either the CW-MFC or
the CW-MEC and the HRT of 24 h at the start of the experiment increased only to 25 h at the
end of the experiment. On the other hand, it increased to 30 h in the CW due to sludge formation
in both the CW_VUF and CW_HF. Due to the decreased flow rate in the CW, it was only able
to treat a lower volume of wastewater in a given time compared to the CW-MEC and the CW-
MEFC. Since in a given time, a low amount of wastewater was passing through the system in
comparison to the other microcosms.

The CW-MFC and CW-MEC results show that the systems were quite adaptable even at high
OLRs. As mentioned earlier, most of the pollutants were removed in the first stage of hybrid
systems leading to less sludge generation and high performance. The other indicator for less
sludge generation in the system is electron recovery. Corbella, et al. [162] has mentioned that
sludge generation is negatively correlated to electron recovery, and high sludge generation
restricts electron recovery. In the present study, the high electron recovery in CW-MEC
through to the end of the experiment indicates sludge generation should be low, and electron
flow remained unrestricted.

Furthermore, with a maintained redox potential of CW-MEC the reaction mechanism of CW-
MEC enhanced resulted in high treatment efficiency with reduced sludge generation. Overall,
due to the high treatment performance of CW-MEC and CW-MFC in comparison to CW, the
system had low solid accumulation thus low sludge generation. Whereas low performing CW
had higher solid accumulation with high sludge generation. Thus, conductive material-based
CWs have proven an efficient way to avoid clogging/sludge formation even at high OLR and

over a longer period (greater than 12 months) of operation.
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5.3.4. Microbiology

The microbial diversity and richness in all VUF and HF components of the CW-MEC, CW-
MFC and CW microcosms were analysed. The CW_HF, CW_VUF, CW-MEC HF, CW-
MEC VUF, CW-MFC HF and CW-MFC VUF exhibited 39212, 32925, 40700, 45355,
43890 and 22615 non-chimeric sequences, respectively, with an average read of 300 bp.

The Shannon diversity index was used to characterize calculated species richness and diversity.
The Shannon indices of the various microcosms were CW_HF 4.3; CW_VUF 5.1; CW-
MEC HF 0.88; CW-MEC VUF 5.3; CW-MFC HF 2.9; and CW-MFC VUF 4.4. The
maximum Shannon index was observed in the VUF of all three sets of microcosms, while the
HF had a low index. The CW_HF had the highest Shannon index (4.3) among the HF regions,
while the CW-MEC_VUF (5.3) highest index overall. This shows that the CW-MEC_VUF had
higher microbial diversity and richness than any other region examined.

The lowest Shannon index was determined for the CW-MEC_HF (0.88). This is not unexpected
as the hybrid CW-MEC was an integrated system with the VUF component preceding the HF
component. It would be expected that in such a system, a significant fraction of pollutants were
removed in VUF, leaving only low carbon levels and hence microbial growth in the HF. The
higher Shannon index in CW-MEC VUF indicates increased diversity and richness of a limited
number of specific microbes, which contributed to high treatment efficiency with low sludge
generation [202, 218]. The CW, CW-MFC and CW-MEC's microbial community identification
indicates microbes from 44 different phylum (Figure 5-6). The dominant microbes present in
all the microcosms were from the phylum Firmicutes, Actinobacteria, Chloroflexi,
Proteobacteria and Bacteriodetes. The dominant phyla were consistent with our previous CW-
MEFC and electroactive wetlands, both of which used the same source inoculum as the current

study [131, 177].
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At the Class level, 106 classes were identified (Figure 5-6), of which class
Gammaproteobacteria (17.3%) was the most dominant microbes in CW-MEC HF from
phylum Proteobacteria followed by class Bacilli (14.0%) from phylum Firmicutes. In contrast,
in another microcosms class, Bacilli from phylum Firmicutes was the dominating microbes.
These microbes' abundance shows higher performance in electrode-assisted microcosms for
improved treatment and reduction in sludge generation. The microbes from phylum Firmicutes,
Actinobacteria, Bacteroidetes, and Proteobacteria, are known to be responsible for organic
degradation and electron transfer in the anaerobic region [172, 189]. In addition,
Proteobacteria play an important role in bioelectrochemical activities and are responsible for
the degradation of recalcitrant pollutants such as metals [172]. The phylum Bacteriodetes are
well recognized as capable of degradation of proteins and polysaccharides, which may be
correlated with settleability and reduction of sludge in CW-MFC and CW-MEC [202, 219].
The other non-electrogenic bacteria, such as heterotrophic anaerobes, also participate in
organic degradation at an enhanced rate and assist electron shuttling in electroactive wetlands
[220, 221]. The observed microbial diversity indicates their role in treatment efficiency and the
reduction of sludge generation. The applied potential allows the growth of diverse microbes
with a higher metabolic reaction rate, which enhances higher treatment efficiency to reduce

sludge generation.
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Figure 5-6. Microbial communities in the CW-MFC VUF, CW-MFC HF, CW-MEC VUF,
CW-MEC HF, CW _VUF and CW-HF, based on a. Phylum, and b. Class.

5.3.5. Characterisations of precipitates

Scanning electron microscopy was used to characterise the precipitates on the anode gravels of
the VUF and HF of the CW-MEC, CW-MFC and CW. The SEM analysis revealed rod-shaped
biofilm formation and organic aggregates on the gravel of the CW-MFC HF and CW-
MFC _VUF (Figure 5-7). Similar biofilm and aggregates were observed on the gravel of the
CW-MEC_VUF, though with some linkages to form bio-aggregates.

Less bio-aggregation and less biofilm were observed on the CW-MEC HF anode gravels
(Figure 5-7). This is in good agreement with the Shannon index that indicates low microbial
diversity and richness on these gravels. Again, this is not unexpected as the higher treatment
efficiency in CW-MEC_VUF led to lower levels of organic pollutants flowing to the CW-
MEC _ HF, limiting microbial growth in this region. On the other hand, CW_VUF and CW_HF

were observed to be covered with a dense biofilm of organic aggregates (Figure 5-7).
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The EDX analysis provides insights into the chemical constituents precipitated on the gravels
of each microcosm (Figure 5-7). The majority of the surface of the gravels were covered with
organic aggregates and inorganic elements. The results reveal that only low metal levels were
precipitated on the gravels in the CW-MFC and CW-MEC. However, in CW_VUF and
CW_HF, considerable levels of a small number of metals were observed. In the CW_VUF, the
relative abundance (based on total counts) of Al was 8.5%, followed by Cr (3.7%), Ni (0.5%),
Fe (3.1%), along with minor amounts of other metals. Similarly, in CW_HF, the relative
abundance of Fe was 22.2%, followed by Al (3.4%), Zn (2.3%), Mn (0.6%) and again minor
amounts of other metals. In contrast, Fe was the major metal species precipitated in the CW-

MFC and CW-MEC.
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Figure 5-7. SEM-EDX image along with elemental mapping image of a. CW-MFC VUF, b.
CW-MFC-HF, c. CW-MEC VUF, d. CW-MEC-HF, e. CW _VUF, and f. CW_HF. The
abundance of elements is highlighted with different elemental colour mapping.
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The coloured mapping associated with SEM imaging in Figure 5-7 indicates the abundance of
elements. The coloured mapping associated with Figure 5-7 (a, b, ¢, d) indicates the lower
abundance of metals, while the coloured mapping associated with Figure 5-7 (e, f) indicates
high abundance of metal in the precipitates. The results indicate that CW-MFC and CW-MEC
do not have significant levels of metal precipitates but rather, it might be consumed or
mobilised on the microbial surfaces. Moreover, in CW_HF and CW_VUF, high levels of
metals were clearly seen in the precipitate. Thus, it is evident that, due to bioelectrochemical
reactions in CW-MFC and CW-MEC, metal precipitation was very low in these systems, while

in CW, without MET components, metal precipitation was significantly higher.

5.4. Conclusions

The applied potential in CW-MEC had a significant contribution to maintaining redox
potential, resulting in higher electron recovery and treatment performance. The treatment
performance of CW-MEC was higher than CW-MFC and CW at all HRTs. Even at decreased
HRTs (higher OLR), the CW-MEC adapted quickly and performed greater removal of all
pollutants included in the feedstock. However, in CW-MFC, the microbes could not adapt
easily as the redox potential changed with changing OLR. This resulted in a decrease in
treatment performance at an HRT of 6h. Even though the treatment performance decreased in

the CW-MFC at decreased HRT, it was still significantly higher than in the CW (P < 0.05).

The microbial community exhibited high diversity and richness of a few specific microbes,
contributing to high treatment efficiency with low sludge generation in CW-MEC. The VSS,
tracer test and volumetric change in net volume also revealed that sludge generation was lower
in a CW-MEC and CW-MFC than in the CW. CW's net volume decreased from an initial net
volume of 3.3 L to 2.0 L at the end of the experiment. Trace metal precipitation was also higher
in CW than in the CW-MEC and CW-MFC. In summary, providing an adequate, stable

potential to a conducting substrate working electrode in a CW-MET improves the recovery of
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electrons. It allows the development of a more favourable microbial community to improve

treatment efficiency.
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Chapter 6: Low-power energy harvester from constructed
wetland-microbial fuel cells for initiating a self-sustainable

treatment process
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This is the first study that demonstrates developing a Power Management System (PMS) for
initiating a self-automated Constructed wetlands (CW)-microbial fuel cell (MFC). The
developed PMS helps by harvesting and storing low power generated from CW-MFC and using
it to operate an air-pump used as a part of treatment processes. The great potential for self-
generating energy harvester to power electrical instruments makes the CW-MFC technology a
sustainable candidate for many applications. In this paper, two laboratory-scale CW-MFC were
used for this purpose, the cathode of one CW-MFC (R1) intermittently aerated (IA) with the
self-automated air-pump, and the performance compared with the second CW-MFC (R2). An
energy harvesting system was configured specifically optimised to suit the low energy output
from the CW-MFC. The maximum power generated by R1 and R2 CW-MFC was 54.6 uyW
and 41.2 uW, respectively, which increased up to 90 uW after IA. The pollutant treatment
performance of R1 with [A increased significantly from R1 without aeration and R2

microcosms. The ammonium (NH4") removal in R1_IA was 10% higher than R1 without
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aeration and 12% higher than in R2. With the IA, dissolved oxygen at the cathode of R1
increased, which influenced redox potential for better electron recovery and reduced the
internal resistance. The use of generated energy from the system makes the technology self-

sustainable and high performing.

6.1. Introduction

The emerging water and energy “water-energy-nexus” related environmental challenges
requires upgrading various technologies towards sustainability. The strategic use of natural
energy such as wind, solar, and tidal is necessary to achieve a sustainable society [222]. Based
on the impact of fossil-fuels on socio-economic and environmental perspectives, the search for
alternative renewable energy sources is increasing rapidly [223, 224]. Microbial fuel cells
(MFC) have been studied as a promising technology for generating renewable energy while
concurrently treating wastewater [225, 226]. The main principle behind producing energy from
MFC technology is converting chemical energy stored in organic matter into electrical energy
by bacterial metabolism [227-229]. That feature of MFC makes it a platform for several other
integrated wastewater treatment processes, such as sediment-MFC, benthic-MFC, Photo-MFC,
Plant-MFC, Plug flow-MFC, Baffled air-cathode-MFC [207, 230-232]. Among other MFC
integrated platforms, the most practical innovation to intensify wastewater treatment while
generating electricity is the integration of MFC with CW [32, 33].

In the past ten years, CW-MFC technology has gained considerable attention for intensive
wastewater treatment and electricity generation [61, 76, 91, 100, 128, 160, 166, 233, 234]. The
CW-MFC works on the MFC principle where organics at the anode are oxidised by
electroactive bacteria (EAB), and generated electrons flow through the electric wire to the
cathode, which results in electricity generation [75, 80, 235]. The CW-MFC has often been
considered a low voltage generating device due to several challenges such as low oxygen

availability at the cathode [69, 100] and high internal resistance [207, 236]. The internal
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resistance is a measure of the voltage vs current characteristic of a non-ideal power source. The
internal resistance can be determined as the ratio of the voltage reduction from OCV to current
at a particular operating point. For an MFC, the internal resistance of the cell can change with
the condition of the cell, with changes of chemical and physical conditions at the anode and
cathode individually, and with significant changes in the current drawn from the cell. Due to
the cell’s (CW-MFC) low output voltage, it has not been explored much for electrical
applications; however, several studies have attempted modification in design, material, and
electrode configurations to increase the voltage output [69, 100, 233, 234, 237].

Despite recent advancements to enhance the power output of CW-MFC, the power output has
not increased substantially. Thus, CW-MFC major research's areas are focused on treatment
performance enhancement to achieve an improved efficiency [65, 69, 208, 238]. Several
studies have reported that the generated electricity from CW-MFC can have biosensor
applications in order to monitor environmental parameters within the systems [80, 160]. Xu, et
al. [207] attempted the first study to increase maximum energy harvest from an open-air bio-
cathode CW-MFC. This study adopted the capacitor engaged duty cycling (CDC) strategy to
minimise the energy losses from CW-MFC and proven it as a worthwhile strategy to maximize
the energy harvested.

On the other hand, despite low power generation, single MFCs have been used for energy
harvesting. Yamashita, et al. [222] developed an ultra-low-power energy harvester that requires
only 2.09 uW power from the MFC to charge a supercapacitor to 3.3V. The study further
utilised the produced stored energy for environmental sensing. Furthermore, Nguyen, et al.
[239] used three MFCs with a net volume of 100mL and connected them to an upconverter,
which boosted the output voltage to a sufficient level for operation. They also used this setup
to develop a high conversion power management system. Several other studies have reported

energy harvesting from MFCs treating wastewater, and its use for different applications
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including environmental sensing, operation of small electronic devices, and wastewater
treatment [223, 227, 240]. However, due to low power output, the use of energy production
from CW-MFC has not been reported so far, except a few studies as a biosensor [241, 242]. In
low power generating MFCs, boosting of power has been attempted by recent studies by
connecting several MFCs into series without voltage reversal [243]. Kim, et al. [243] attempted
to boost power output by avoiding degradation in electrical performance using electrical
harvesting circuits and by connecting power management system (PMS) to several MFCs. The
voltage performance of single PMS connected in parallel achieved maximum of 3.3V.
However, PMS connected several MFCs boosted voltage performance up to 6.6 V [243].
Similarly, a sediment microbial fuel cell (SMFC) improved its performance by modifying its
design configuration and by connecting it to PMS. The study concluded that increasing cathode
electrode surface (27 cm®) had better electrical performance 800 mW/cm?, than using multiple
cathodes (three electrodes, and each 27 cm?) that achieved 526 mW/cm?. Further at last stage
the SMFC was connected to a PMS to utilize the output voltage, which enhanced the electricity
performance of SMFC upto 3.3 V. The generated energy from the CW-MFC can have several
other applications to make the technology more sustainable and high performing. The present
study is the first that demonstrates the use of generated energy from CW-MFC for operating
an air-pump at the cathode. In several CW-MFC studies, it has been reported that cathode is a
major challenge which restricts the flow of electrons due to low availability of oxygen [69,
166, 208, 244]. Oon, et al. [244] stated that 600 mL/min aeration of aeration at the cathode was
optimum for highest energy recovery since the terminal electron acceptor in the form of oxygen
at the cathode was sufficient for the electron flow. Srivastava, et al. [127] used radial oxygen
loss (ROL) from plants as a low-cost aeration system to aerate the cathode of CW-MFC and
supplementary aeration to overcome the cathodic challenges. The ROL based CW-MFC

performed almost equal to supplementary aeration based CW-MFC; however, supplementary
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aeration had better performance. Teoh, et al. [245] stated that supplementary aeration enhanced
dissolved oxygen concentration at the cathode, which enhanced NH4" removal by 67%
compared to planted and non-planted CW-MFCs. In most of CW-MFC:s, aeration was provided
by an air-pump by an external electrical supply, which increases the operational cost.

The operation of an air-pump with the self-generated energy can overcome the cathode
challenges of CW-MFC while providing aeration to maximise electron recovery from the
anode. Aeration is also required for degrading complex pollutants in wastewater, and in CW-
MEFC aeration has usually been provided by external electrical supply for efficient treatment
performance, requiring additional cost [127, 159, 244-246]. The use of self-generated energy
should be able to make the technology self-sustainable by reducing external energy demand
and operational costs. In the present study, a harvester was designed to harvest low energy
generated by CW-MFC and further use it for powering an air-pump to intermittently aerated
the cathode of CW-MFC. This was in order to enhance the voltage output by minimizing the
cathode challenges and enhancing the pollutant removal rate. It was a self-sustainable CW-

MFC system where the generated energy was used for real electrical applications.

6.2. Materials and methods

6.2.1. Power harvester design

The energy harvesting equipment used in this study consisted of a harvester and energy storage
by means of supercapacitors. The harvester used was an EMEVB8500 (EMEVB&500
Evaluation Board, in, 2020, [247]) evaluation board from EM Microelectronic SA (Marin,
Switzerland). The board is based on the EM8500 device, which is a high-performance energy
collection device capable of operation from sources with very low power output. The EM8500
contains a boost converter and low voltage start-up circuits, enabling a system to start up from
very low voltage and high impedance sources, such as a CW-MFC. We had previously tested

different harvester models, including systems based on the LTC3108 highly-integrated DC/DC
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converter from Analog Devices Inc. (Massachusetts, US) [248]. Our initial tests showed that
this device, when in a completely de-energised state was not able to start operation with the
amount of power available from CW-MFC cells. Hence, the EM Microelectronic device was
used, as the specifications suggested that it would be able to start at a lower power input. This
is consistent with reports from Vondrak, et al. [249]. We configured our evaluation board for
a low threshold of power and high impedance source, which allowed a cold start of the system,
but with a trade-off of limiting the maximum output voltage available.

In order to maximise power collection, the effective impedance on the input of the harvester
needs to be matched to the impedance of the cell. As the cell's impedance will vary with the
condition of the cell, ideally, the harvesting equipment should vary its operating point to
maximise power collection. The EMEVBS8500 uses Maximum power point tracking (MPPT)
to adjust the effective input impedance of the harvesting system to the present condition of the
cell. The harvester measures the open-circuit voltage (OCV) of the fuel cell to estimate the
cell's condition. The maximum operating power point calculation can be adjusted from 50 %
OCV to 88 % OCV. The polarisation tests showed the peak power output of the CW-MFC
occurred at around 50 % OCV. The harvester repeatedly measures the open-circuit voltage of
the CW-MFC and controls the current drawn to maintain the input voltage at the specified
proportion of it. As the main goal was to maximise the power output of the CW-MFC, it was
set to configured harvester to track and operate at the 50 % OCV point.

The collected power was stored in two 55 Farad (F) super-capacitors in parallel, being 110 F
in total. The power was switched to an aquarium pump by the connected timer. The pump was
a commercial aquarium aeration pump, an Aqua One Battery Air 250, (Aquarium Spare Parts,
Edwardstown, South Australia), modified to allow for the use of external 1.5 V power. The
pump was evaluated at 1.5 V (nominal), but was tested to run effectively at voltages of 1.5 to

1.7 V. The pump operated for 30 s at a time at 8-hour intervals until the capacitor voltage
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dropped to the minimum pump operating voltage of 1.5 V. After this, pump operation was
inhibited until the storage voltage returned to 1.7 V. So, the available power (E) to use can be

calculated using Equation 1.
E = C(Vmax? — Vmin?) Eq.1
Where Cis 110 F, Vmmaxis 1.7V, and Vminis 1.5 V.

The harvester's output current was also limited, so two 55 F supercapacitors were used and
connected in parallel to store the energy generated. This was to provide sufficient current
capacity to run the commercial aquarium pump used for aeration. The pump was measured

under maximum current draw to require 410 mA. The circuit used for the tests is illustrated in

Figure 6-1.
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Figure 6-1. Electrical schematic of the power harvester and a capacitor connected to the air
pump.

6.2.2. Reactor fabrication and start-up
Two laboratory-scale CW-MFC microcosms (R1 and R2) were constructed from polyvinyl

chloride (PVC) pipes (height 600 mm x diameter 104 mm). Both the microcosms were

constructed with the same filling configuration - the bottom filled with large bolder (gravel)
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(diameter 12-15 mm) of 10 mm height to avoid clogging, overlined with graphite gravel
(conductive materials) of 220 mm (anode), that was overlined with normal gravel (garden
pebbles) of 200 mm, and the top layer was again overlined with graphite gravels of 150 mm
(cathode). The anode and cathode were equipped with a charge collector of graphite felt and
graphite plate, respectively. The graphite felt dimension was diameter 830 mm x width 90 mm,
and it was placed 170 mm from the bottom of the cell. The graphite plate was of dimension
length 100 mm x width 55 mm and placed at the cathode's air-water interface. The net volume
of R1 and R2 were 1.5 L each. Four ports were provided to collect the samples, the first port
(P1) at a distance of 100 mm from the top of the microcosm, port 2 (P2) at 120 mm below P1,
port 3 (P3) 200 mm below P2, port 4 (P4) 120 mm from P3, and port 5 (P5) was connected at
the bottom of the microcosm, with the distance between P4 and P5 60 mm. The considerable
distance between P2 and P3 was to separate the anode and cathode chambers. The RI1
microcosm was connected to the harvester to collect its output voltage, and it was further
equipped with an air-pump at the cathode at 130 mm from the top of the microcosm. Figure 6-

2 illustrates the schematic of the laboratory scale R1 and R2 CW-MFC microcosms.
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Figure 6-2. Laboratory scale and schematic of microcosms. 2a and 2b is laboratory picture of
RI and R2 microcosms respectively; 2a’ and 2b’ is schematic of R1 and R2 microcosms
respectively, and 2c is a picture of harvester/storage capacitor used for the microcosm.

6.2.3. Inoculation and Operation

The R1 and R2 were inoculated with inoculum from an old running laboratory, CW-MFC
microcosm. Both reactors were operated on the synthetic municipal wastewater adapted from
Wang, et al. [202]. The composition of wastewater was as follows: 118.0 mg/L C¢H120¢, 216.0
mg/L, C2H3NaOz, 59.0 mg/L KH2PO4, 153.0 mg/L. NH4Cl, 28.0 mg/L, CaClz, 51.0 mg/L,
MgS04-7H20, 9.0 mg/L FeSO4-7H20, and trace metal solution. The inoculum of 100 mL was
taken from an old microcosm and mixed with 3 L synthetic wastewater and kept in the
refrigerator overnight for microbial enrichment. Afterwards, it was inoculated in the
microcosm and kept for acclimatization in a batch mode operation until steady-state conditions
were achieved. The synthetic wastewater (1.5 L) during the acclimatization period was changed
every day, and voltage output was recorded to decide the microcosms' steady-state conditions.
The total period of acclimatization was 90 days (d). Once the steady state was achieved,
polarization was performed, and the microcosm was connected to the harvester. The
microcosm was operated in a batch mode operation, and the contact time was 24 h.

The influent wastewater was poured simultaneously in the R1 and R2 microcosm, and the
samples were collected from both the microcosms without IA. The samples from cathode,

anode, and overall sample were taken from P1, P4, and PS5, respectively, from both
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microcosms. The samples from the R1 microcosm were named R1_anode, R1_cathode, and
R1 overall. Similarly, the samples from the R2 microcosm were named R2 anode,
R2 cathode, and R2 overall. Afterwards, the cathode of R1 microcosm was provided with IA
(R1_IA) and again samples from the cathode (R1_cathode IA), the anode (R1_anode IA), and
overall sample (R1_anode IA), were taken from P1, P4, and PS5, respectively. The treatment
efficiency was then compared between R1, R2, and R1_IA.

6.2.4. Chemical and Electrochemical analysis

The dissolved oxygen (DO) of R1, R2, and R1_IA was assessed regularly from the anode and
the cathode. The DO of R1 IA was also evaluated for continuous 8 h after [A in order to
observe the changes in DO conditions concerning time. The DO meter (Hanna Instruments)
was used to analyse DO. The cathode and anode potential were analysed by Ag/AgCl (Sigma
Aldrich) reference electrode. The other chemical parameters, such as total organic carbon
(TOC), chemical oxygen demand (COD), total nitrogen (TN), ammonium (NH4"), were
analysed twice a week. The TOC and TN were analysed with Shimadzu TOC-TN analyser
(Model TNM-L ROHS), COD was analysed by APHA standard method 5220D. The NH4" was

analysed with Ion chromatography (Eco IC, MEP Instruments, Metrohm).

The voltage of R1 and R2 microcosms were recorded regularly with PCLink multimeter, except
during the period when the harvester was collecting the energy from R1. The polarization of
both the microcosms was performed every 15 days during the experimental period by varying
the external resistance. At the beginning, the external resistance was used within a range of
1000 KQ to 150 Q. The obtained results were subsequently changed to a range of 20 KQ to 26
Q). The external resistance determined the power output and current, and calculations were

performed based on Equations 2 and 3.

I—V Eq.2
_R Q'
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P=VI Eq.3

Where I is current (A), V is voltage (V), R is external resistance (€2), and P is power (W).

6.3. Results and discussions
6.3.1. Electrical performance of CW-MFCs

The two identical CW-MFCs, R1 and R2 have almost similar voltage performance with a small
variation in the performance of R1. The mean voltage performance of R1 and R2 microcosm
was 394+£53 mV and 307434 mV, respectively (Figure 6-3). The polarization test was
performed every 15 d during the experimental period (Figure 6-4). The polarization test was
used to identify the maximum withdrawing power capacity of the microcosm with time. The
polarization test indicated that the microcosms' voltage and power output changed with time
on varying resistance. The maximum power achieved in R1 and R2 microcosm was 54.6 pW
and 41.2 uW, respectively; however, it increased in R1 after IA up to 90.0 uW. The internal
resistance decreased with time as the condition of the microbial cells changed in the
microcosm. The harvesting system operates at 50% OCV. The CW-MFC'’s internal resistance
at that operating point from the measured current and the drop in cell voltage as compared to
the OCV in R1 had an effective internal resistance of 1360 Q at 150 d, 870 Q (165 d), and 800
Q (180 d), and R2 had internal resistance of 920 Q (150 d), 1180 Q (165 d), and 870 € (180
d). These values vary depending on the condition of the respective cells and agree with the
trends in performance shown in the polarisation curves in Figure 6-4. At low load resistance,
there was a reduction in current and hence power output, likely due to the extended test
compromising systems to maintain relatively high current output. When the voltage dropped
below approximately 0.2V, the harvester was disconnected from the cell. It maintained
monitoring of the output voltage of the cell but not recommenced collecting energy until the
cell voltage rises above this minimum level. This prevents further significant current flow from

the cell until its output was restored to a satisfactory operating state. It also means that the
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storage capacitors are disconnected from the CW-MFC and maintained their stored charge. In
some cases, the voltage performance in R1 was higher than the R2 microcosm. The electrical
output of the two identical microcosms may differ due to microbial composition. Even with
the same inoculum and operational conditions, the microbiological growth may differ [250].
The difference in voltage and power output could also be different due to several other factors,
such as ohmic losses, activation losses, and mass transfer losses [250, 251]. The internal
resistance and overpotential of electrodes can drive ohmic and mass transfer losses in the
systems, whereas substrate unavailability can be a reason for activation losses. Kim, et al. [250]
also mentioned that despite using the same designs and operational conditions, the
electrochemical performances of four identical MFCs were different. Moreover, in the present
study, the electrical output of R1 microcosm was higher than R2 microcosm, and due to this,

the harvester was connected to the R1 microcosm for voltage storage and operation of the air-

pump.
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Figure 6-3. The voltage represented in the graph is a cumulative voltage over three months
except for the period when harvested was connected to R1. An average of 3000 readings each
month is presented in the graph. The rise in the second month was the period where aeration
was provided to the R1 microcosm.
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The performance of the system was strongly dependant on the output of the CW-MFC. The
initial tests with a harvester based on the LTC3108 could not start collecting energy due to the
low power available from the cell, which was lower than that required for the device to start.
The EM8500 based system was more sensitive and could bootstrap itself from the low voltage
output and commence collecting energy. As configured, the system could cold-start from an
input voltage of 0.28 V. The polarizations tests had suggested that the cell's output impedance
was around 800-1200 €. Due to the high output impedance of the cell, the harvester could not
effectively boost the voltage to the high voltages. In this configuration, the voltage output will
be less than 2 V, so it was necessary to use a power storage circuit configuration suitable for
operation under this level. Use of two 55 F capacitors in parallel and operation between 1.7
and 1.5 V from Eq.1 had 70.4 J (equivalent to Ws) available for each cycle, which allowed
operation of the aeration pump for 60 s before the voltage dropped to the 1.5 V minimum
operating voltage. However, another consequence of the large capacitance configuration was
that it takes 318 Ws to charge the storage capacitors to 1.7 V from 0 V, so with the circa 54

uW available from the cell, it required around 70 days for the initial charge.
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Figure 6-4. Polarization curve of RI and R2 microcosm after 150" day of operation.
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6.3.2. Energy harvesting and operation of an air-pump

Initially, due to the low power output of the CW-MFCs, the energy harvester was first
connected to both R1 and R2 microcosms in parallel to withdraw maximum power from the
microcosms to store the start-up voltage. The parallel connection in the MFCs has been
reported to increase the voltage output [250]. In the initial phase, the harvester took a long time
to withdraw power from the microcosms; moreover, once it achieved the OCV, the storage
capacity increased. However, the harvester took a longer time to reach the required voltage of
1.5 V for the start-up. To achieve 1.5 V, it required 86,400 minutes for the storage from R1 and
R2 microcosms in parallel connections. Thus, practically, a single microcosm’s power output
was not enough to store that much energy. Once the harvester achieved its start-up voltage, the
harvester was connected only with the R1 microcosm during the rest of the experiment. The
maximum power output of the R1 microcosm increased from 1.6 uW to 54.6 uW from day 30
to day 90. However, power output changed with the variation in operational conditions, which
is normal in any BES. Once 1.5 V was reached in the harvester, it was kept constant throughout
the experimental period, and the operating voltage of 0.2 V was stored from R1 and used for
the air-pump to provide IA. For the operational voltage of 0.2 V, R1 microcosm charges the
harvester for 8,640 minutes. Once the harvester achieved 1.7 V, a connected timer starts IA in
R1 for 30 seconds (s) each time after ~8 h and ~16 h since the wastewater as poured in the
microcosms. The air-pump used 0.1V from the harvester for the 30s of aeration at the cathode
each time. After two operations of 1A, the harvester's voltage decreased to 1.5 V again, and
then it resumed recharging the 0.2 V. Hence, the aeration provided at the cathode of R1
microcosm was two times in 24 h duration and it was self-regulated through the harvester

storage voltage.
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6.3.3. Dissolved oxygen (DO) and redox potential of CW-MFC

DO has been considered a key factor in the effective treatment of pollutants in CW [244, 252].
The DO acts as an electron acceptor for organics’ oxidation, which is typically lacking in CW
and CW-MFC systems due to design configurations. In the CW-MFC study, the electrode acts
as an artificial electron acceptor at the anode. It allows the flow of electrons from the anode to
the cathode, where the electron goes to the terminal electron acceptor, i.e., oxygen. Due to the
low oxygen concentration at the cathode, electron losses occur, and electrical output decreases
[69]. The decrement in electrical output is also a result of the system’s redox potential, and DO
plays an important role in creating a potential difference between the anode and the cathode
[244, 253]. However, it is reported that oxygen diffusion from the atmosphere [254] and
wetland plants [255] in most cases is not sufficient [246] as an electron acceptor, particularly
in anaerobic regions. Moreover, IA in CW-MFC is well justified for an increase in electrical
output and treatment performance in literature [127, 159, 238, 246] though it is provided by
the external electrical supply, which requires additional cost. A self-regulated air-pump was

provided for IA in the present study, which uses electricity generated from the CW-MFC itself.

The DO graph illustrated in Figure 6-5(a) indicates the microcosms' DO concentration before
and after aeration. The mean DO concentration at the cathode of R1 and R2 microcosm was
0.99+0.30 mg L' and 0.95+0.20 mg L"!. However, after providing IA at the cathode of R1, the
DO concentration increased from 0.99+0.30 mg L' to 5.1+2.5 mg L"!. The increased DO at the
cathode of R1_IA also influenced the redox potential. The R1_TA cathode potential increased
from 90+£85 mV to 250+47 mV, and the anode potential was -250+120 mV throughout. The
cathode potential of R2 was 95+70 mV, similar to R1 before IA, and the anode potential was -
260+90 mV. Though, there was not any significant change in the DO concentration at the anode

of R1_IA. Due to an increase in the DO concentration at the cathode and influence in the redox
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potential of R1_IA, the electron transfer rate increased from anode to the cathode, which

resulted in high electrical output [93, 127, 159, 245, 253].

Further, to determine the stability of DO at the cathode of R1_IA, it was measured hourly up
to 8h after [A (Figure 6-5(b)). The DO concentration considerably decreased after 8h of IA; at
2™ h, the decrement was not significant with the DO value of 5.1+3.5 mg L'!; however, it
gradually decreased with time until the second IA was provided (8h) (Figure 6-5(b)). The DO
concentration at the anode did not change and was stable throughout; however, redox potential
slightly changed with the change in DO concentration after 8h. The decrement in the DO
condition from the cathode could be due to releasing oxygen from the surface since the aeration
was provided only to the microcosm's upper portion. The other reason for the decrement in DO
concentration was the use of oxygen for pollutant treatment (detailed discussion in Section
6.3.4) and involved in the half-cell reaction of MFC [245]. In the half-cell reaction, DO acts as
a terminal electron acceptor at the cathode, which enhanced the electron transfer rate from the

anode to the cathode.
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Figure 6-5. a) DO conditions of RI, R2, and R1 1A, at the cathode and anode; b) monitoring
of DO conditions with time after IA.
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6.3.4. Pollutant Treatment and Electrical performance after 14

The treatment performance of R1 and R2 microcosm was evaluated based on TOC, COD, TN,
and NH4" removal, represented in Figure 6-6. The treatment performance of R1 and R2 was
evaluated and then compared with R1 IA. The treatment performance was based on the
removal efficiency at the cathode, anode, and overall removal. The mean COD removal in
R1 anode, R1 cathode, R2 anode, and R2 cathode was 79+4%, 84+2%, 78+6%, and 80+4%,
respectively. The mean overall COD removal efficiency of R1 and R2 microcosm was 82+4%
and 80+6%. However, after providing IA at the cathode of R1, the mean COD removal in
R1 cathode IA, R1 anode IA, and R1 overall TA was 90+4%, 86+5%, 91+4%. The COD
removal of R1_IA increased significantly after providing two aerations for the 30s each during
24 h of contact time. The overall COD removal efficiency of R1_IA increased by 9% from R1
and 11% from R2. Likewise, the TOC, TN, and NH4" removal also increased (Figure 6-6). The
mean overall TOC removal in R1, R2, and R1 TA was 524+7%, 48+5%, and 63+9%,
respectively. The mean overall TN removal in R1, R2, and R1_TA was 70+£2%, 69+2%, and
78+3%, respectively, and the overall NH4" removal was 70+2%, 80+3%, and 67+2%,
respectively. The overall removal efficiency for all the parameters significantly increased in
R1 TA. The increment in removal was due to providing IA at the cathode, which influenced
the system's DO concentration and redox potential. The COD and NH4" removal efficiency
was higher than the other CW-MFC studies [256-258]. Xu, et al. [256] attempted pretreatment
of wastewater with Fe3C and further pass it to CW-MFC, the ammonium-nitrogen removal
achieved was 96.38 £ 1.87%, total phosphorus (96.52 + 1.25%) and chemical oxygen demand
74.70 £ 1.67%. Wang, et al. [257] used air-cathode CW-MFC using four different electrode
materials. The COD removal of the system 1, 2, 3, and 4 were 42.30%, 37.42%,48.78%, and
35.73%, respectively. The study concluded that carbon fibre felt (CFF) and foamed nickel (FN)

was more efficient for treatment and electricity generation.
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The low TOC removal compared with the COD removal is also reported in the previous study
and stated that low TOC removal could result from high dominance of autotrophic bacteria that
were more dependent on inorganic pollutants removal such as NH4" than the organics [259-
261]. It is also clear from the substantial enhancement in NH4" removal of R1_IA, which was
due to higher oxygen availability since NH4" requires oxygen for the conversion into other
oxidation states. Also, in CW-MFC, the electrode act as an electron acceptor at the anode for
NH4" oxidation even in anaerobic conditions [131], which is why the overall NH4" removal
was 70+2%, and 67+2% in R1 and R2, respectively. This significantly increased after IA at the
cathode due to the higher availability of DO and adequate electron transfer mechanism. The
higher availability of oxygen at the cathode allowed efficient electron flow from the anode to
the cathode, enhancing the removal rate at the anode, hence the overall removal efficiency
[127, 244]. Guo, et al. [262] also reports the increment in ammonium removal efficiency up to
90% with IA. TN removal in R1 IA states that the IA provided was enough to support
nitrification and denitrification processes. Since the IA aeration only aerated the cathode for a
few seconds, the DO concentration first increases, supporting the nitrification process, and with
time DO decrease, which allowed the denitrification process [69, 245, 246]. The mineralisation
of pollutants with enhanced DO at the cathode can also be observed with high COD removal

at R1 _cathode IA [238].
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Figure 6-6. Range removal of TOC, COD, TN, and NH+", in R1, R2, and R1 IA.

Furthermore, with the IA in R1 microcosms, the voltage performances increase, with the
voltage output of R1_IA significantly increasing from that of R1 and R2 microcosm. The mean
voltage performance of R1 microcosm before aeration was 394+53 mV, but with IA, it
increases to 435+25 mV. The IA also decreased the internal resistance of the R1 microcosm,
which was noticed with the help of the polarization curve drawn after every 15 days. The flow
of electrons from the anode is mainly regulated with a terminal electron acceptor present at the
cathode; with increased DO conditions, electron flow was not restricted, which decreases the
internal resistance. The polarization graph of R1 and R2 is represented in Figure 6-4. With the
aeration in the R1 microcosm, the maximum power output increased to 90.0 uW, whereas in
R2, it was quite similar throughout. Moreover, IA impacted the R1 microcosm’s performance

significantly.

Table 6-1. Comparison of DO concentration with anode and cathode potential of RI, R2, and
R1 14 and its voltage performance.

DO Voltage performance Anode potential Cathode potential
Concentration (mV) (mV) (mV)
(Cathode,
mg/L)
R1 0.99+0.30 394+53 -250=120 90+85
R1 1A 5.1£2.5 435425 -250+120 250+47
R2 0.95+0.20 307+34 -260+90 95470
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For the effective degradation of specific pollutants such as organics and NH4" in CW, artificial
aeration has generally been provided [244-246], which requires energy input and increases the
overall cost of wastewater treatment systems. In CW-MFC studies, it is widely reported that
less oxygen availability at the cathode inhibits the electron transfer rate, limiting the cathodic
reduction [69, 183, 208]. However, the results of this study clearly illustrate that providing a
self-automated aeration system without any extra cost would provide high impact treatment

performance in CW-MFC.

6.4. Conclusions and recommendations

The low energy generated from CW-MFC can be used for activating the low-power electrical
devices by amplifying the power generated by the device. The present study demonstrates the
use of generated energy for operating a low power air-pump, which was successfully utilized
for providing intermittent aeration at the cathode of R1 microcosm. The aeration at the cathode
enhances the DO concentration, enhancing the removal efficiency of different pollutants and
the electron flow. Due to 1A, the system’s internal resistance also decreased with a change in
environmental conditions, which increased the microcosm's power generating capacity.
However, initially, the harvester required a longer time to store the start-up voltage due to low
power generation. Even during the experiment for storing 0.2 V, it required 8,640 minutes each
time to store the voltage. Thus, it is recommended for future studies to use highly conductive
electrode materials in CW-MFC systems to decrease internal resistance and enhance power
generation. The high conducive or hydrophilic electrode material would be able to generate
enough power to minimize the required period for storage. The parallel connection of more
than one CW-MFC would also decrease the storage time and produce a higher electrical output.
It is also advisable to use an efficient power management system that can amplify the low

power generation. Overall, this study demonstrates a self-automated practical application of
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electricity generated by CW-MFC for operating an electronic device, enhancing the system’s
performance.
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Chapter 7: Summary & Conclusion

7.1. Summary

The integration of a constructed wetland and a bioelectrochemical system improved the rate
and efficiency of treating wastewater from various sources. The integration of a microbial fuel
cell enhanced the anaerobic microbial metabolism resulting in a high reaction rate and
efficiency. Similarly, the integration of a microbial electrolysis cell provided energy for
catalysing the reaction rate and efficiency in a constructed wetland. The incorporation of
conductive materials/electrodes into the constructed wetland system (electroactive wetland)
also allowed an efficient electron flow due to a better redox gradient resulting in efficient
removal of pollutants via higher oxidation and higher reduction. Furthermore, the generated
electricity from the system is an essential factor as it a means of resource recovery. The
recovered energy can be used for operating electrical appliances to further improve the
efficiency of the process. Thus, the integration of bioelectrochemical systems overcomes
several problems associated with the traditional constructed wetlands as well as providing

additional benefits such as recovering energy.

7.2. Conclusions
The foremost conclusions of this research are listed below according to the organisation of the

thesis chapters:

» A new process was developed for the anaerobic ammonium oxidation along with
organics removal. The process was named an Electroannamox process since the anode
electrode acted as an artificial electron acceptor to efficiently remove ammonium-
nitrogen. The MFC integrated CW also produces low biomass quantity while achieving

high treatment efficiencies. Further, the study conclusively demonstrates that anaerobic
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ammonium oxidation can occur using a solid electron acceptor. This information might
give the possibility of other new pathways for anaerobic ammonium oxidation and
could change the existing understanding of nitrogen cycle.

The role of conductive material in an anaerobic environment was investigated to treat
Cr(VI) contaminated wastewater. The redox susceptible nature of conductive material
was investigated. The study indicated that even without any external electrical circuit,
the electron transfer could occur in a conductive material packed column. Due to such
electron transfer, microbes are able to tolerate higher loading of pollutants and
efficiently treat them even under what would normally be toxic conditions (high metal
concentration). The presence of conductive material also influences the microbial
diversity and biomass in electroactive CW.

A positive synergetic relation of sulphate and conductive material was identified and
further optimised to improve nitrogen and organics removal. The sulphate-based CW-
MFC exhibited improved performance for ammonium and organics removal compared
to a traditional CW. Additionally, toxicity build-up due to the reduction of sulphate to
toxic sulphide does not occur in CW-MFC; thus, treatment performance was stable.
Furthermore, redox coupling of sulphate in the presence of conductive material
enhanced electron transfer hence the electricity generation and treatment performance
improved.

A method was developed to efficiently recover more electrons by maintaining a stable
redox potential of the CW-BES. The CW-BES was designed to treat complex
wastewaters, including the presence of multiple pollutants, while efficiently recovering
electricity. By maintaining stable redox potential in CW-BES, high treatment

performance and low sludge generation were achieved. The low sludge generation in
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7.3.

CW-BES keeps the system operational for a longer period without the problem of
clogging, enhancing the lifespan of technology.

A power management system was developed to store generated electricity from CW-
MFC and use the stored energy for the aeration process. Work has demonstrated a
prototype unit where a power management system stored electricity generated in CW-
MFC to run an air-pump to aerate the cathode of CW-MFC. This resulted in higher
treatment efficiency and overcame cathodic challenges such as low dissolved oxygen
levels. Due to aeration, the resistance of the system was also decreased, thus increasing

electricity generation.

Future work

This research was conducted to improve CW-BES technology and bring it to the advanced

level; however, several research areas still need attention in future research:

» Though laboratory-scale CW-BES showed promising results for the treatment of

various wastewaters and electricity generation, field testing of the technology is
essential to prove that it is competitive with conventional wastewater treatment
technologies.

The enhancement of electricity generation needs to be explored further, as the current
electricity generation is not sufficient to run real-world appliances. The main reason for
low electricity generation is the system's high resistance that needs to be overcome in
further research.

The real-world application of generated electricity is also important; even though the
generated voltage is low, it can be stored through a power booster and can solve several
problems which require low power appliances. Thus, real applications of the generated

electricity should be explored further, as should possible low power applications.
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Appendix 2

Table A 1. The Eems cathode and anode potential of CW-MFC-replete and CW-MFC-deplete
during experimental period.

Time CW-MFC-replete CW-MFC-deplete
(days)
OCV Ecathode Eanode Eemf OCV Ecathode Eanode Eemf
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)
7 65.0 2852 -213.8 499.0 24.0 69.2 -114.8 184.0
21 72.0 250.5 -34.8 85.3 30.0 147.8 -267.8 120.0
49 78.0 2322 -39.8 272.0 32.1 223.2 -129.8 353.0
70 85.2 221.0 -75.6 296.6 65.3 190.8 -123.8 314.6
91 554 177.2 -106.2 71.0 28.3 98.6 -56.8 155.4
112 59.0 177.3 -76.8 254.1 22.9 266.1 -103.1 369.2
140 61.6 203.7 -164.8 368.5 18.5 206.4 -111.8 318.2
168 60.8 2212 -33.8 255.0 31.8 203.2 -56.8 260.0
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Figure A 3. XRD of A. CW-MFC-replete, B. CW-MFC-deplete, and C. CW-replete.

Table A 2. Detailed XRD chemical analysis of precipitate in CW-MFC-deplete, CW-MFC-

replete, and CW-replete.

Sample Major Crystalline | Minor crystalline | Other (minor) Crystallinity
phases, formula phase possible phases
CW-MFC- Graphite, C Dolomite, CaMg Organic Low, amorphous
deplete (CO3)2 (30-45%)
CW-MFC- Graphite, C Dolomite, CaMg Organic Amorphous (30-
replete (CO3)2 (betaine 45%)
Furmarate),
Antimony
Sulphide
CW-replete Dolomite, CaMg Berlinite, Low, amorph.
(CO3)2 Sanidine, >T70%
Anhydrite,
Amorphous
silica
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