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Abstract

Microbial fuel cells are used as an alternative source of energy and for microbial degradation of waste and pollutants. Dif-
ferent types of microbial fuel cells include sediment microbial fuel cells, waste treatment microbial fuel cells, constructed
wetland microbial fuel cells and plant microbial fuel cells. Plant microbial fuel cells use plant—microbe relationships for
producing bioelectricity. For this cell, the development of efficient, low-cost cathode is a key challenge. Here, a plant micro-
bial fuel cell using algal-assisted cathode was designed. This cell uses rhizodeposits of plants as carbon source in the anode
chamber and photosynthesis of algae to generate the oxygen that acts as a terminal electron acceptor in the cathode chamber.
Results show that a maximum power density of 29.78 mW/m? and a current density of 610 mA/m? were recorded from the
polarization curve during the light phase. The maximum voltage recorded was 399 mV in the light phase and 390 mV in the
dark phase. This is the first design of a rice paddy-planted microbial fuel cell assisted with a blue-green algal cathode, capa-
ble of operating in self-sustainable mode using entirely natural processes without any external input of organics or oxidant.
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Introduction

In recent years, plant microbial fuel cell has emerged as a
promising clean technique for generating electricity from
plants and their residues (Yadav 2010; Nitisoravut and
Regmi 2017; Khudzari et al. 2018). In the plant microbial
fuel cell, plants synthesize organics through photosynthesis,
which is made available to the electrochemically active bac-
teria to generate electricity (Deng et al. 2012; Yadav et al.
2018; Wang et al. 2018). The electrochemically active bac-
teria present in the anode compartment of the plant micro-
bial fuel cell convert organic compounds into carbon diox-
ide, protons and electrons. The electron goes to the anode
electrode placed in the anode chamber. Subsequently, the
electrons flow through an electrical circuit to the cathode
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electrode and are consumed by the oxygen and protons to
form water molecules (Yadav et al. 2012; Mathuriya and
Yakhmi 2014; Srivastava et al. 2018; Ilamathi and Jayapriya
2018). However, power produced in plant microbial fuel cell
is still low for the real-world application. Non-efficient cath-
ode reaction due to activation, ohmic and mass transport
losses is assumed for low power production in plant micro-
bial fuel cell and other microbial fuel cell (Rismani-Yazdi
et al. 2008). Improvement in power generation and low-cost
efficient cathode development are among the top major chal-
lenges for the real field application of plant microbial fuel
cell (Chen et al. 2012). The ample availability of oxygen in
the surrounding environment and its positive redox potential
make it the most suitable electron acceptor for the cathode
reaction (Chen et al. 2012; Zhao et al. 2006; Srivastava et al.
2017). Photosynthetic activities of algae are being used for
producing in situ oxygen at the cathode of microbial fuel cell
(Yadav et al. 2015).

This study designed and developed a rice paddy-planted
microbial fuel cell with integration of algal (Cyanobacterium
phormidium)-assisted cathode. It presents a system, which
completely runs by natural processes. For imitating the real
conditions, this study performed the experiment without
adding the external carbon source, outside electrochemically

@ Springer


http://orcid.org/0000-0002-2359-0627
http://crossmark.crossref.org/dialog/?doi=10.1007/s10311-018-00824-2&domain=pdf

1046

Environmental Chemistry Letters (2019) 17:1045-1051

active bacteria, or external oxidant. The electrochemically
active bacteria present in the anode compartment were sup-
ported by the rice paddy plants for their carbon require-
ments. Similarly, the cathode reaction was supported by
algal photosynthesis for their oxygen requirements.

Materials and methods

Microcosms setup and start-up of plant microbial
fuel cell assisted with algae cathode

Figure 1 shows the schematic of plant microbial fuel cell
assisted with algae cathode used in this study. A two-cham-
ber plant microbial fuel cell assisted with algae cathode
microcosm was designed and constructed in the laboratory.
The anode chamber was constructed using a piece of poly-
vinyl chloride-based pipe (length 20 cm; ¢ 11.0 cm), and
the cathode chamber was constructed using a transparent
plastic rectangular container (length 22.5 cm, width 13.0 cm
and height of 10.0 cm). Plastic flanges were bolted together
to join these two chambers. A circular piece of Nafion
117 membrane (3.0 cm diameter) was placed between the
flanges before bolting them. The anodic chamber was packed
with 100 g of graphite granules (average size 0.5-1.0 cm,
occupied volume of ~ 1370 ml) which act as an anode elec-
trode. A square graphite rod (size of 2.2 cm length X 2.2 cm
width X 12.5 cm height, surface area 116 cm?) connected
with copper wire was inserted into the graphite granules
to collect the electrons. In the cathode chamber, a piece

Rice paddy plants
‘ / Resistance

I Copper wire

Graphite
Granules
(Anode)

Platinum coated carbon
cloth

Graphite 70
rode ; Algal pond
i (Cathode)

Nafion membrane

Fig. 1 Schematic of plant microbial fuel cell assisted with algae cath-
ode (not scaled). The plant microbial fuel cell assisted with algae
cathode was design to use rhizodeposits of plants as carbon source
in anode chamber and photosynthesis of algae to generate the oxy-
gen which acts as a terminal electron acceptor in cathode chamber.
The proposed design of plant microbial fuel cell assisted with algae
cathode gives self-sustainability to it with regard to fuel substrate and
oxidant. It is successfully demonstrated in this study
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of 0.8 mg/cm? platinum-coated carbon cloth (6.0 cm
width x 8.0 height cm, surface area 96 cm?) connected with
copper wire was used as a cathode. The total volume of
the cathode chamber was 1.0 1, whereas the void volume of
the anode chamber after packing with graphite granules was
0.8 1. Open ends of the wire were attached using an external
resistance.

In the cathode chamber, blue-green algae (Cyanobacte-
rium phormidium) were grown using BG11 media for algal
growth Stanier et al. (1971). 10.0 ml of a pre-grown culture
of algae was used as inoculums. In the anode chamber, seven
rice paddy plants (total weight of 9.6 g) were planted. These
plants were collected from a 20-day-old rice paddy plant field
situated near Nandankanan Zoological Park, Bhubaneswar.
The rice variety was a short-duration variety (80—110 days).
Such variety of rice plants spends about 50 days in the veg-
etative phase, 30 days in the reproductive phase and 30 days
in the ripening phase. After collecting them from the field,
they were brought to the laboratory and rinsed with tap
water to remove the excess soil from the root areas. For plant
growth, Hoagland’s solution was used in an anodic chamber.
The composition of Hoagland’s solution was adopted from
Hoagland and Arnon (1950). The said solution is a mixture
of macronutrient and micronutrient (ml of stock solution for
1 1 of Hoagland’s solution) as given here: stock (g/1): 202.0
KNO;, 2.5 ml/I; 472.0 Ca (NO3),-4H,0, 2.5 ml/I; 15 iron
(sprint 138 iron chelate), 1.5 ml/l; 493 MgSO,-7H,0, 1 ml/l;
80 NH,NO; 1 ml/l. Micronutrient stock (g/1): 2.86 H;BO;,
1 ml/1; 1.81 MnCl,-4H,0, 1 ml/1; 0.22 ZnSO,-7H,0, 1 ml/;
0.051 CuSO,-5H,0, 1 ml/1; 0.09 H,M00,-H,0, 1 ml/1; 0.12
Na,Mo00,-2H,0, 1 ml/l and 136 KH,PO, (pH 6.0), 0.5 ml/1.
During the initial 4 weeks, the anode portion of microcosm
was fed with a half portion of new Hoagland’s solution and
a half portion of old used Hoagland’s solution for promot-
ing and retaining the electrochemically active bacteria and
attaching them to graphite granules. No external microbial
inoculums were added in anode chamber as some of the
native microorganisms were attached to roots and rhizos-
pheric zone (Reid et al. 2017; Moronta-Barrios et al. 2018).
Subsequently, all anode portion media were replaced with
new media. During the remaining experimental period,
media utilized in the anode chamber to support the plants
growth were changed with new media every 48 h as voltage
drops were observed after this period. Similarly, after the
initial 15 days of algal growth without any change in the
initially provided BG11 medium, the media were changed
every 7 days to maintain the algae growth as algae die off
observed after this period. Minimum wastage of algal bio-
mass was assured by using filtration through Whatman filter
paper, grade 1. Voltage was recorded four times a day, twice
in the morning toward the end of the dark phase of 12 h
and twice in the evening toward the end of the light phase
of 12 h. A spiral white compact florescent bulb of 85 watts
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(light intensity of 5000 Im) was arranged to provide light to
the whole experimental setup. This bulb was manually oper-
ated for creating the light and dark phases of the experiment.
All the experiments were carried out at controlled room
temperature of 27 °C +2 °C. Analyses of various samples
were carried out in triplicates to ensure the accuracy of the
experimental results.

Experimental details and analysis

Chemical oxygen demand and dissolved oxygen were
measured according to the procedure given by the standard
methods (APHA, WEF, 2005). pH was measured using a
pH meter (Eutech Instruments CyberScan pH 1500, Eutech
Instruments Pte Ltd, Singapore). The voltage (V) was meas-
ured using a digital handheld multimeter (Sanwa CD772,
Sanwa Electric Instrument Co. Ltd, Japan) on a fixed resist-
ance. Analysis of chemical oxygen demand of the anode
solution was first performed at the starting stage (2nd week)
and twice (4th and 6th week) in the middle of the experiment
and lastly at the final period (13th week) of the experiment.
Chemical oxygen demand of the initial Hoagland’s solution
and the solution after 48 h contact with plants roots present
in the anode chamber was analyzed. After acclimatization
of plant microbial fuel cell assisted with algae cathode, the
experiment was run for another 13 weeks and continuously
monitored for electricity generation. Polarization curve was
drawn using resistances between 10,000 Q and 1 Q. The
power (P) and current (I) were determined by basic electrical
calculations using the standard relations. The power den-
sity and the current density were calculated by dividing the
power and current with the volume (m®) of the used solution.

Result and discussion
Dissolved oxygen, pH and chemical oxygen demand

Dissolved oxygen level was always high in the cathode
compartment while it was low in the anode compartment
(Fig. 2). With the progression of the experiment, the level
of dissolved oxygen concentration increased in the cathode
compartment. However, in the anode compartment, dis-
solved oxygen concentration did not change and it slightly
decreased. The above observation is understandable as with
time, biomass at the root zone increased which can increase
the utilization of the dissolved oxygen. In the case of the
cathode compartment, more biomass leads to further pho-
tosynthesis and releases a higher amount of oxygen. The
dissolved oxygen of the cathode was always high in the light
condition due to photosynthetic activity of algae, whereas
it was low in anode portion in both light and dark condi-
tions. The initial dissolved oxygen of the cathode portion
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Fig.2 Dissolved oxygen profile of cathode and anode in light and
dark conditions. Results show that dissolved oxygen concentration
level at cathode is sufficient to run efficient cathode reaction of a
microbial fuel cell. The difference in dissolved oxygen concentration
level between anode and cathode also indicates that there is sufficient
potential difference to run a microbial fuel cell effectively

was 7.93 mg/l, and the anode portion was 2.16 mg/l. In the
light condition, the highest measured dissolved oxygen was
10.19 mg/1 in the cathode portion and 1.34 mg/1 in the anode
portion. In this study, the pH level at both the cathode and
anode compartments was also measured. Initially, pH of the
cathode portion increased from 6.5 to 8.3 during the accli-
matization phase and in the initial phase (up to 20 days).
Subsequently, it stabilized at 6.5 +0.3. pH of the anode por-
tion was measured and found to be around 5.9+0.2. A pH
is an important parameter for the operation of microbial fuel
cell, and it significantly affects the microbial growth as well
as the growth of algae. Both of the organisms perform their
vital functions across a limited pH condition. Acidic pH (in
the range 3.0-6.2) and an alkaline pH (in the range 8.6-9.0)
retard the growth of algae Sorensen et al. (1996). pH differ-
ence between both chambers increases the proton diffusion
from anode to cathode chamber and plays an important role
in the electricity generation Du et al. (2007). The previ-
ous study also depicted that the significant pH difference
between anode and cathode may enhance the power output
in microbial fuel cell (Jadhav and Ghangrekar 2009).

To measure the level of the organic substrate in liquid
presented in the anode portion, chemical oxygen demand
was measured. The initial chemical oxygen demand of the
Hoagland’s solution utilized for plant growth was found to
be 16.5 (+4.39) mg/l. The chemical oxygen demand of the
Hoagland’s solution after 48 h of contact period with plant
roots in the 2nd, 4th, 6th and 13th week of the experiments
was 20.18, 57.04, 216.31 and 512.74 mg/l, respectively. It
is evident from the results that when rice paddy plants start
aging, they release more organics from their root systems
that ultimately become available to the electrochemically
active bacteria.
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Electricity generation

The voltage profile of plant microbial fuel cell assisted with
algae cathode is shown in Fig. 3a. Voltage generation by
plant microbial fuel cell assisted with algae cathode was
dynamic throughout the operational period. During the first
week of the experiment, voltage generation increased in light
phase and decreased in the dark phase. This trend gradually
changed and voltage generation decreased in light phase and
increased in dark phase from the 2nd week onwards. The
same pattern was observed up to the 8th week of the experi-
ment. Subsequently, there was a slight change in the trend,
and again voltage generation increased in light phase and
decreased in the dark phase. This pattern was not steady
for a long period, and fluctuations were observed in dark
and light phases. The pattern of voltage generation in plant
microbial fuel cell assisted with algae cathode was similar
to voltage production reported by (He et al. 2009). It was
also observed at some point that the voltage generation was
higher in the dark phase as compared to the light phase.
Juang et al. (2012) and Yadav et al. (2015) also reported
similar trends while using algae in an microbial fuel cell’s
cathode. An hourly voltage profile for 10 h in the light phase

was recorded to measure the effect of light on the reactor
performance (Fig. 3b). When the light was turned on, the
recorded voltage was 159 mv in the starting phase. It was
observed that voltage decreased sharply during the first
2 h, and then, there was a sudden rise in voltage and subse-
quently a fall in the voltage. There was no voltage genera-
tion pattern; however, it can be seen that a long-time expo-
sure to light leads to a decrease in voltage generation. Wu
et al. (2013) also reported that a long-time exposure to light
may lead to the production of oxygen generation and may
enhance electricity production. However, extended exposure
to light decreases electricity generation. The performance
of various plant microbial fuel cells studied in recent years
with Hoagland’s solution was compiled and is presented in
Table 1. Overall, all performances of plant microbial fuel
cell assisted with algae cathode are notable among listed
studies, although the reported value of plant microbial fuel
cell assisted with algae cathode is normalized over volume
of the anode chamber.

Polarization curve was also recorded in the 9th week
of the experiments and is presented in Fig. 3. Important
information on major losses such as activation loss, ohmic
loss and concentration loss, which hinder the current
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l

|

Dark Phase

Fig.3 Voltage profile: a weekly a 410.0 -
voltage profile in dark and light 395.0 -
phase, b hourly voltage profile )
in light phase. Results show that 320.0 1
plant microbial fuel cell assisted 365.0 -
with algae cathode generates S 350.0 -
variable voltage in light phase £ 335.0 -
(day time) and dark phase (night £ )
time). Similarly, due to photo- o 32001
synthesis activities of plants and S 305.0
algae, voltage generation varies S 290.0 -
throughout day time and night = 275.0 1
time which may correlate with )
the light, oxygen availability, etc 260.0 1
245.0 A
230.0 T T
1st 2nd
b 200.0 A
190.0
__ 1800
)
£
= 170.0
£
(]
?39 160.0
o
> 150.0
140.0
130.0 T

3rd 4th 5th 6th 7th 8th 9th 10th 11th  12th

Time (in Weeks)

0.0 1.0

@ Springer

2.0 3.0 4.0 5.0 6.0 8.0 9.0 10.0 11.0
Time (in Hours)



1049

Environmental Chemistry Letters (2019) 17:1045-1051

(3sA1eIRD
wnunerd o[nueid uomnnjos QUEBIqUIdW
Apmgiuasary  ynm) uadkxQ JA/MUWLL6T — W/YWO[9 - Jo[o uoqres 4 anydern S.pue[3eoH 23UBYIXD UOJOI] payps v2£40 €1
(3sA1eI8D
(0102 wnupeyd
‘[ 10 emeZOURNR],  (NM) USSAXQ ¥l - €91 - — 397 9yydein J195 ayydern —  SSO[ QUBIQUUOA payDs p2L40 A
(8000)
‘Te 10 nyey] ua3AxQ SL'g - S - - 3197 anydern 1193 aydein —  SSO[ QUBIQUIA payps v2£40 11
sureid
0102) opruekoLt anydess ur uonnjos JueIquIaW pjpuoup
‘[B10IOP[OH  -19J WINISSBIOq 7 01 - - — ey gnydein poux aydern s.pue[Seoy oSueyoxe uone)) DjjPUIPUNLY 01
sureid
0102) 9pIUBADLI ayders ur uorn[os QUBIqUIdWI
‘[B1RISP[OH  -19J WINISSBIOq 03T 12 - - — ey dydern pox aydein s.pue[Seoy oSueyoxs uone) eorSue pulLndg ‘6
ornuerd uonnjos puIXDUL
(8002) 'Te 19 1S uaBAx0 L9 ¥ €51 43 - eyanydern anydern s.pue[Seoy 1429410 '8
uonn[os
0102) oprueAoL ornuerd s.pue[eoy JueIqUIdW
‘[0 SIoWWIL],  -I9J WNISSLI0q 001 0S - v1T — ey gnydern nydein PSYIPOIN  9SuByOXa U0joi edrSue puypds ‘9
uonnjos
0102) onueid s.pue[Seoq QuUBIqUIdW
‘Te 3o sIowwl], ua3AxQ 6L 0T - 8 — 397 anydein ydein PoYIpO]N  9SueyoXa U0j0l eOIIuR PUILIDAS b
wnipawt
(€102) OpIUBADLI Taﬁu\n Suimord QuUBIqUIAW Su2SaIqe[3
‘[eRIPquoyg  -I9 WNISSBIO] _BUD 8800 — - - 786  [991S Sso[urelg 1oqy uoqre) [euoISSojoId 23urYOXd U0J0Iq pojyoouIydq ¢
wnipawt
(€102) SpIUBADLI TEPA Suimord QueIqUIAW
‘eI I[[equIog  -19) WNISSBIO] BUfD 0860 — - - G'86  [99S SS[UIRIS 19qy uoqre) [euOISS9JOId 9SUBRYIXS UOIOI] payvs v2£10 e
9102) ornueId uonnjos
‘[e 19 [nqIqeH qAID - - SS - - J[9} uogIe) aydern s.pue[SeoH /]  SSO[ QURIQUILN  ouua4ad wnijoy 1
93e1oAy  WINWIXB]N JFRIAY (AW) apoyre) Jpouy Aqkjouy adA£y 10100y
AW
10) (;u (;u a3eyj0A
S0UQIRJay -doooe uomosrg /AW ANSUp Jomod /W) AJISUSP JuLIN)) oSeroay uoneInSyuod I0)0ey saroads juerd "oN IS

(L107 TwSay] pue INABIOSHIN WOIJ PAYIPOW) dpoyjed deS[e Yjim Pajsisse [[9d [ong [eiqororw juefd Jo oouewLiofod | djqel

pringer

a's



1050

Environmental Chemistry Letters (2019) 17:1045-1051

35.0 - - 90.0
32.5 - 80,0
30.0 - -

™ 275 - - 70.0

£ .

E 25.0 >

g 225 1 (Secondary Axis) 60.0 £

© 200 1 R - 500 £

> 1757 (Primary Axis) &

‘@ 15.0 4 - 40.0 g

< _ =

g 125 - 300 >

5 10.0 A

3 7.5 4 - 20.0

£ 5.0-

: - 10.0
2.5 4
0.0 T T T T T T 0.0

oz
0'v6
€°€91
0°0T9

STTL
0'SLL
0°0st
0°SLE

Current Density in (mA/m3)

Fig.4 Polarization curve. From the above polarization curve obtained
from plant microbial fuel cell assisted with algae cathode, it is con-
cluded that the first initial sharp drop in voltage reflects the activation
losses; second, slow linear-like fall in voltage represents the ohmic

production, can be extracted from a polarization curve.
Srivastava et al. (2015) described the important charac-
teristic features of the polarization curve. They concluded
that the first initial sharp drop in voltage reflects the acti-
vation losses; second, slow linear-like fall in voltage rep-
resents the ohmic losses; and third, fast drop in the voltage
at higher current directs the concentration losses. Figure 4
shows that the plant microbial fuel cell assisted with algae
cathode microcosm suffers all three major losses. Figure 4
also follows the classical trend where voltage drops with
drops in applied resistor loads Srivastava et al. (2015).

Conclusions

The present study successfully demonstrates a low-cost
algal-assisted oxygen generation for cathode reaction
and rhizodeposits and root exudates of rice paddy plant-
based carbon supply as fuel for anode reaction. Further
research on other aspects of the current technology such
as the effect of greenhouse gas emission from rice paddy
plant at anode portion and carbon dioxide utilization at the
cathode portion is needed to examine other advantages of
using plant microbial fuel cell assisted with algae cathode.
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losses; and third, fast drop in the voltage at higher current directs the
concentration losses. With minimization of these losses, plant micro-
bial fuel cell assisted with algae cathode can generate more power
and current; thus, it should be studied in further research
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