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ABSTRACT. The plant microbial fuel cell (PMFC) is a technology built to produce renewable and sustainable electricity in order to meet 
the increasing global demand. This study demonstrates the potential application of PMFC in swamps dominated by water hyacinth to 
produce biological energy and plant biomass. In this research, the plant was integrated into a microbial fuel cell that adopts various types 
of anode materials such as carbon felt, iron and zinc, with a varying distance of 10 and 20 cm between the anode and cathode. Organic 
compounds emerging from the photosynthesis process were deposited by plant roots, which were then oxidized by bacteria in the mud 
media. The result showed that the developed PMFC produced a voltage and current density of 244.8 mV and 185.4 mA/m2, respectively, 
for 30 days, with a maximum power of 100.2 mW/m2 in the cells using zinc as anode material with an electrode spacing of 10 cm. 
Furthermore, the pH value on PMFC with a longer electrode was higher than the shorter distance due to the protons' inability to move 
from anode to cathode against the force of gravity. In conclusion, PMFC which utilizes water hyacinth has a good performance in 
converting chemical energy from the substrate into electrical energy, and has the potential to be developed in underdeveloped areas. 
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1. Introduction 

Presently, energy is one of the necessities of life due to its 
ability to support numerous human activities. Fossil fuels, 
including oil, gas, and coal, are still the primary sources of 
electrical energy. According to Bimanatya & Widodo 
(2018), the projected use of fossil energy in Indonesia by 
2025 is approximately 121,792.33 kilotons. Therefore, its 
unsustainability needs to be a great concern because the 
amount keeps decreasing due to the increase in 
consumption of these non-renewable sources of energy. 
Besides, these primary fuel sources lead to various 
adverse effects on the environment, such as global 
warming (Lott et al., 2017). For example, coal is a type of 
fossil energy with the highest emitters of CO2, which has 
a significant contribution to the increasing global 
temperature (Shahbaz et al., 2013; Hadi et al., 2005). 
Therefore, these reasons led to the studies on alternative 
energy sources, which are expected to be used as 
substitutes for fossil fuels in the future. One alternative 
means of energy currently being researched globally is fuel 
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cells, which is classified as environmentally friendly due 
to its inability to produce pollutants like conventional fuel. 

The fuel cell is an electrochemical-based technology 
that can produce energy in the form of direct current 
electricity using biological matters as their catalysts, 
therefore it is also known as  Biological Fuel Cells (BFC). 
An example is the Plant Microbial Fuel Cell (PMFC), one 
of the alternative energy developments that are unique 
and interesting because it utilizes plants as a cultivation 
medium of microorganisms, where they act as 
biocatalysts. The microorganisms surrounding the roots of 
plants tend to convert the organic material not absorbed 
by plants during photosynthesis, into electrons and 
protons, which are then converted to electric current 
(Helder et al., 2012,2013). Furthermore, the plants used in 
PMFC are useful for reducing CO2 emissions by 
converting them to biomass through photosynthesis. This 
process is one of the methods used to produce alternative 
energy without releasing harmful compounds to the 
environment. It also acts as a solution to the prolonged 
environmental problems due to the use of fossil fuels 
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(Wilberforce et al., 2017). However, PMFC cannot totally 
substitute the commercial use of fossil energy because the 
amount of energy produced is relatively low to support 
human life. This is because the rate of electron transfer 
from microorganisms to the electrode surface is still slow, 
where the conductivity and chemical content contained in 
the soil or mud acts as a planting medium that influences 
the rate of electron transfer (Aghababaie et al., 2015; 
Prasad and Tripathi, 2018). 

The plant type is one of the factors that influence 
PMFC due to the different amount of electrical current 
produced by each plant. Some types of microorganisms are 
only found in certain plant roots or media. In general, the 
types of plants commonly used in PMFCs to produce more 
electricity are those that live in water due to their 
electrolyte capability (Wetser et al., 2016). Some types of 
plants commonly used are Spartina anglica, Phragmites 
australis, and Eichhornia crassipes (Timmers et al., 2010; 
Wetser et al., 2015; Di et al., 2020; Zhou et al., 2018; 
Gaurav et al., 2020). Eichhornia crassipes or water 
hyacinth is commonly used due to its numerous 
advantages, such as being readily obtained, easily 
cultivated, ability to grow in water and wetlands, thereby 
making it useable for bioremediation (Pamintuan et al., 
2018). In addition, water hyacinth plants are often 
regarded as weeds in some regions due to their rapid 
growth and are widely used to decompose water polluted 
with heavy-metal waste (Gaurav et al., 2020). 

Electrodes are one of the other factors that influence 
the final result of PMFC, in terms of type, shape, and 
distance. The type of electrode commonly used is carbon-
based due to its high conductivity and suitable surface 
properties in biofilms development and because the price 
is relatively cheaper than metal-based electrodes (Liu, 
2008; Dubei and Guruviah, 2019; Zhang and Zhao, 2009). 
However, further treatments are needed to increase their 
electrical conductivity and support the electron transfer 
process. Metal-based electrodes can be used as long as 
they are not corrosive and not toxic to microorganisms. 

This study aims to determine the effect of the anode 
material and its electrode distance from the cathode on the 
electricity produced by PMFC. The plant used was water 
hyacinth, which is found in numerous regions in 
Indonesia. The analysis includes measuring the amount of 
current density and cell potential generated daily in the 
same environmental conditions, as well as monitoring the 
growth of biomass, based on the number of the stem. 
Furthermore, polarization and power curves are measured 
to determine the potential power generated at PMFC.  
 

2. Materials and Methods 

2.1 PMFC configuration and operation 

PMFC consists of a cathode and anode inseparable by a 
membrane and its configuration, as shown in Figure 1a. 
The cathode consists of graphite carbon felt, while the 
anode is varied using several types of material, namely 
commercial graphite carbon felt, copper, or zinc found in 
Jakarta, Indonesia. Initially, the anode was first treated 
with 1M HCl and 1M NaOH in order to increase its 
conductivity (Sigma Aldrich, St. Louis, USA). The copper 
wire that acted as the current collector was then bonded 
to the anode and the cathode.  

Table 1  
Sample naming for six various PMFCs 

Sample Name Anode 
Material Electrode distance (cm) 

PMFC-1 Carbon felt 10 
PMFC-2 Carbon felt 20 
PMFC-3 Iron 10 
PMFC-4 Iron 20 
PMFC-5 Zinc 10 
PMFC-6 Zinc 20 

 
Fig. 1 a) Schematic illustration and b) photograph of PMFC 
adopting water hyacinth, and c) the total six samples of PMFC. 

The distance between the anode and the cathode varied 
from 10 and 20 cm, thereby making it possible to study the 
electrode gradient effect on the harvested energy. The 
water hyacinth used in this study was obtained from the 
plant market in Jakarta, Indonesia, and acclimatized for 
7 days. One cluster of Eichhornia crassipes comprises 
approximately 6 stems, and all plants in PMFC are 
sprayed daily from above using demineralized water. The 
mixing solution, consisting of tap water and mud, acted as 
anolyte and was used to grow electrochemical active 
biofilms at the PMFC anode, as shown in Figure 1b. 
Furthermore, PMFC incubation was carried out for 30 
days in an open area of the balcony at a temperature range 
of 25-31 °C, 81 ± 10% relative humidity, 3324 ± 783 lux 
light intensity, and an illumination period of 12 hours a 
day. Six PMFC combinations were used in this study, as 
shown in Figure 1c and Table 1. 

 

2.2 Analysis of pH, plant growth, and electrochemical 
characterization 

Approximately 4 mL of anolyte was taken every 3 days to 
measure the pH value. Furthermore, the number of water 
hyacinth stem was measured every 4 days with a ruler 
used to determine the growth of plant biomass. The dry 
biomass at the beginning and end of the MFC process is 
measured to confirm the growth of water hyacinth. PMFC 
incubation was carried out on a closed circuit, with 
external resistance of 1000 W. Potentials and current 
densities in PMFC were manually measured from 
beginning to the end of the incubation process (30 days) 
using a digital multimeter Muxindo DT830B. Polarization 
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curves were measured on the 30th day to determine 
Maximum Power Density (MPD) by varying external 
resistance, which was manually applied, and measured 
every 15 min from OCV (open cell voltage) to subsequently 
1 MW, 100 KW, 10 KW, 1 KW, 100 W, and 10 W. 

3. Results and Discussion 

3.1 Effect of Anode Materials 

The trends of current density and voltage generated in the 
PMFC study are illustrated in Figure 2. Figure 2a shows 
the fluctuating current density values from day 0 to 16, 
which started stabilizing from the 16th to the 30th day. 
PMFC-5 with zinc anode material had the highest average 
value of current density at a stable condition of 185.4 
mA/m2. The PMFC-3 follows this with an iron anode, 
which had an average current density value of 141.1 
mA/m2. Finally, the PMFC-1 with electrodes made of 
carbon felt had the lowest value at 26.0 mA/m2. Voltage 
values also have the same trend as current density, where 
PMFC fluctuated from day 0 to day 16 and started 
stabilizing from the 16th to 30th day, as shown in Figure 
2b. Similar to the current density results, PMFC-5 led to 
the highest average voltage value at the stable condition 
of 244.8 mV, followed by PMFC-3, which had an average 
voltage value in stable conditions of 152.2mV and PMFC-
1 with the lowest average voltage at 79.6 mV.  
 
 

 
Fig. 2 a)Voltage and b) current density of PMFC in various anode 
materials. 

From Fig.2, it can be concluded that the differences in 
anode material play a role in producing electricity. This is 
due to several factors, including the standard reduction 
potential value of metal-based materials, the zeta 
potential of non-metal-based materials (carbon-felt), the 
metal's electrical conductivity, and the resistivity value of 
each material. Based on the standard reduction potential 
value, zinc metal is the smallest at -0.77 V, followed by 
iron with -0.44 V for Fe2+ and +0.77 V for Fe3+ (Reddy, 
2011). The smaller the potential value of reduction 
standards, the more difficult it takes the metal to reduce 
(Bhatt, 2016). Therefore, zinc cathode has high reducing 
properties, therefore, the reduction of power is higher 
when compared to iron. The carbon felt electrode has a 
zeta potential value close to zero at neutral pH conditions 
and ambient temperature (Park et al., 2014). The higher 
the zeta potential value (negative or positive), the bigger 
the magnitude of a particle's electrostatic rejection force 
(Lu & Gao, 2010). Furthermore, the zeta potential value is 
directly proportional to the electrical conductivity 
(Novikov et al., 2015). Therefore, the near-zero zeta 
potential value of a material indicates its poor ability to 
conduct electricity.  

Zinc and iron have electrical conductivity values of 
1.69x107 S/m and 1x107 S/m, respectively (ASM 
International, 1990). Therefore, it can be concluded that 
the cathode with zinc material is better at conducting 
electric charge than iron and carbon felt. Another factor 
capable of affecting PMFC is electrical resistivity, which 
is the amount of resistance to a material's electric current. 
Carbon felt has the highest electrical resistivity value of 
approximately 0.03 Ω.m (Md Khudzari et al., 2019), 
followed by iron at 1 x 10-7 Ω.m, and zinc as the lowest 
with a value of 5.9 x 10-8 Ω.m (ASM International, 1990). 
The lower the electrical resistivity value indicates a 
decrease in resistance to electric current. 

Figures 2a-b also shows the current density trend and 
the potential difference that tends to fall from the start to 
the end of the research. However, there are fluctuations in 
output on certain days. The decrease in voltage and 
current density is due to the influence of microorganisms 
around the plant roots, which are at the adaptation stage. 
After 16 days, the microorganisms enter the growth phase 
and are stationary, therefore, the voltage and current 
density values become more stable, with little fluctuation. 
These microorganisms act as biocatalysts in degrading 
organic material into electrons and protons. The decreases 
in the number of microorganisms that live around the 
roots of plants tend to affect the current density and 
voltage values of the PMFC. 

In general, the microorganism has 4 life phases, 
namely the lag, exponential, stationary, and death. The 
process starts with a lag phase where the microorganisms 
are in the adaptation stage of the media. The graph shows 
the effect when the lag phase is marked by a decrease in 
current density and voltage value. This phase tends to 
affect the anode and cathode's potential, thereby 
decreasing the value of current density and voltage. 
Furthermore, there is an exponential phase with massive 
duplication of microorganism division. Therefore, based on 
the graph of the resulting current strength, the value 
tends to decrease. At the stationary and death phases, the 
number of microorganism and duplications are similar. 
Both phases are characterized by the current density and 
voltage values, which are stable from the 16th to the 30th 
day. Furthermore, there is a death phase where many 
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microorganisms die due to several factors, such as the 
depletion of nutrients and the formation of metabolites 
that inhibit growth. The research period of 30 days shows 
that microorganisms' conditions have not entered the 
phase of death because the substrate, which is a source of 
nutrition for microorganisms, is continuously supplied 
through the photosynthesis process.  

3.2 Effect of Electrodes Distance 

The distance between the electrodes (anode and cathode) 
varied from 10 to 20 cm. The observed current density and 
voltage values of each applied distance are shown in 
Figure 3. Similar to the effect of variations in the type of 
electrode, it can be seen that the current density value 
fluctuated from day 0 to 16. However, from the 16th to 30th 
day, the current density values obtained started 
stabilizing, as shown in Figure 3a. PMFC-1, with an 
average current density value in stable conditions of 26.0 
mA/m2, had a higher value than PMFC-2, with an average 
current density value in stable conditions of 13.0 mA/m2. 
Meanwhile, PMFC-3 had an average current density value 
in stable conditions of 141.1 mA/m2, higher than PMFC-4 
at 108.6 mA/m2. PMFC-5 produced an average current 
density value in stable conditions of 185.4 mA/m2, higher 
than PMFC-6, at 147.5 mA/m2. Figure 3b shows the 
fluctuating voltage value on day 0 to 16, which started 
stabilizing on the 16th to 30th day. PMFC-1 and PMFC-2 
yielded average voltage values under stable conditions of 
79.6 mV and 41.1 mV, respectively.  
 
 

 
Fig. 3 a) Voltage and b) current density of PMFC in various 
electrode spaces. 

Meanwhile, PMFC-3 and PMFC-4 obtained average 
voltage values at stable conditions of 152.2 mV and 103.3 
mV, respectively. At the same time, PMFC-5 and PMFC-6 
produced average voltage values at stable conditions of 
244.8 mV and 222.3 mV. 

The average values of current density and voltage 
obtained show that PMFC has the same material, at a 
distance of 10 cm, between the electrodes compared to 20 
cm. This is because in PMFC with a longer distance, the 
protons generated at the anode (PMFC reactor base) need 
to travel a longer distance to reach the cathode surface 
(Sangeetha & Muthukumar, 2013). In an effort to reach 
the cathode, the protons need to face an obstacle in the 
form of gravitational force that hinders the displacement 
process from the anode part. Therefore, in PMFC with a 
farther distance, there is a higher possibility for the 
proton's inability to reach the cathode to undergo a 
reduction process with oxygen. 

3.3 Polarization and Power Curves 

Furthermore, the maximum power density was measured 
by varying the external resistors used on day 30, as shown 
in Figure 4. An external resistor was applied to each 
PMFC and allowed to stand for approximately 15 minutes 
to reach a pseudo-steady-state condition. From the 
resistor's external variation, a polarization curve is 
obtained, which displays the voltage value as a function of 
current density, as shown in Figure 4a. 
 
 
 

 
Fig. 4 a) Polarization and b) power curves of PMFC adopting 
water hyacinth 
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Table 2 
Maximum Power Density Comparison with other works  

Anode Cathode Plant MPD (mW/m2) Ref. 
Graphite Graphite Chlorophytum comosum 18 Azri et al., 2018 
Carbon fiber brush Carbon fiber cloth Epipremnum aureum 15.38 Sarma and Mohanty, 2018 
Copper plate Copper plate Chlorophytum inornatum 10 Kudke et al., 2017 

Carbon fiber textile Carbon fiber textile Agapanthus 
africanus 15.55 Gómora-Hernández et al., 2019 

Zinc plate Carbon felt Eichhornia crassipes 100.2 This work 
     

 
 
 
In that graph, the polarization curve is divided into three 
parts: (i) the OCV (Open Circuit Voltage) zone where there 
is no current, (ii) the zone where the voltage value starts 
to decrease linearly with a rise in current density value, 
(iii) zone where there is a drastic decrease in the value of 
the voltage at the higher current density values (Logan et 
al., 2006). Figure 4a show that PMFC-1, PMFC-2, PMFC-
3, and PMFC-4 had OCV values of 0.275 V, 0.225 V, 0.465 
V and 0.347 V. Meanwhile, PMFC-5 and PMFC-6 which 
use zinc anodes had OCV values of 0.493 V and 0.542 V, 
respectively.  

The cathode material variation shows that PMFC with 
zinc material produces the highest voltage value at OCV, 
followed by iron and carbon felt. Based on the electrodes 
distance variation, the closer distance between electrodes 
resulted in higher OCV values than PMFC with a longer 
distance. However, this was inapplicable to PMFCs with 
zinc anode material where the OCV value with closer 
distance lowered the value. This is also influenced by the 
activity of microorganisms, thereby affecting the value of 
OCV. 

Figure 4b is a power curve showing the maximum 
density of each PMFC. The figure shows that PMFC-1, 
PMFC-2, PMFC-3, PMFC-4, PMFC-5 and PMFC-6 had 
maximum power density values of 3.29, 1.39, 99.26, 37.73, 
100.2 and 80.64 mW/m2, respectively. Based on the 
variation of the electrodes distance, PMFC with iron, zinc, 
and carbon material felt had closer distance, which led to 
a higher maximum power density value. Furthermore, the 
anode material variation shows that PMFC with zinc 
material produced a higher MPD value than iron or carbon 
felt. Table 2 shows the comparison of MPD in this research 
and previous studies. It indicates that this study's MPD is 
higher than others, which means that PMFC has the 
potency to be scaled-up in the future. 
 
 

3.4 Trend of pH 

Figure 5 shows the trend of pH values during the 
incubation process of each PMFC using the same anode 
material. From this graph, PMFC-1 produces a higher pH 
value than PMFC-2 with a longer distance. The same 
phenomenon is also seen at PMFC-3, which can produce a 
higher pH value than PMF-4 with a longer distance. The 
PMFC with a longer distance enables the protons to move 
from the anode to the cathode. Therefore, there is a 
possibility that more protons are dissolved in the 
electrolyte due to the driving force in the form of a 
gravitational force that blocks its movement. According to 
the Bronsted-Lowry theory, acids are proton donors 

(Kauffrnan, 1988), therefore a greater accumulation in the 
media results in more acidic pH (Christwardana et al., 
2020). In general, the following conditions are also seen on 
the PMFC pH chart of a zinc anode. However, in the last 
few days, PMFC-6 produced an electrode distance with a 
higher pH value than PMFC-5 at a closer electrode 
distance. This is due to the ability of a plant to change the 
surrounding pH to be more acidic by releasing protons or 
more alkaline with the release of hydroxyl ions through 
the roots (Neina, 2019). However, the activity of 
microorganisms on plant roots is the most influential, 
which tends to increase the pH value of substrate rather 
than decrease the value. 

 

3.5 Biomass Production 

Biomass analysis was carried out by counting the 
number of plants stems at the time of the initial and final 
research, every four days. 

 

 
Fig. 5 pH profile of PMFC adopting water hyacinth during the 
incubation period for 30 days 
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It was also carried out by measuring the initial and final 
dry weight of plant biomass. The number of stems growing 
from each PMFC is shown in Figure 6a. From the figure, 
it can be seen that each PMFC started with the same 
number of six stems. Furthermore, there was an increase 
in the number of stems over time until the last day of the 
study, ranging from 10 to 13 for each water hyacinth 
plant. This indicates that the plant grows with an increase 
in the number of stems, with a dry weight of biomass at 
the initial and final day of incubation for each plant used 
as a growth medium as shown in Figure 6b. From the 
following values, the increase in dry weight of biomass 
indicates that the plant is experiencing growth. 

From the two observational data above, it is concluded 
that these plants experience growth every day, 
consequently, they need nutrients. In nutritional 
sufficiency, plants carry out photosynthesis, with the 
produced glucose distributed to other plant parts through 
the phloem tissue. The excess glucose not used by plants 
becomes wasted through its roots (Koo et al., 2005). 
Glucose, as one of the wasted organic materials, is used by 
microorganisms around plant roots and degraded into 
protons, electrons, and CO2, which are used to produce 
electrical energy in PMFC technology. 

 
 

 
 

Fig. 6 a) Stem growth and b) dry biomass of water hyacinth. 

 

3.6 Limitations and Future Prospects 

Several studies are currently conducted on PMFC. 
However, the electric current output obtained is still 
relatively minimal, therefore, it cannot be compared with 
other renewable energy sources. The limitations 
associated with this study are the use of carbon felt, 
ferrum plate, and zinc plate as electrodes. According to 
Takanezawa et al. (2010), a platinum catalyst is a noble 
metal and electrode material capable of affecting the 
power output of PMFC. In addition, the study is also 
limited to the use of tubular reactor design. Helder et al. 
(2012) stated that a flat plate PMFC reactor's design can 
increase the power output obtained from a PMFC. Other 
factors capable of affecting the performance include 
weather and the microorganism community. Efforts to 
make the performance free from weather effects can be 
carried out by increasing the insulation on its electrode 
(Helder et al. 2013). The microorganism community's role 
in degrading organic material into electrical energy can be 
carried out by isolating and characterizing the 
electrochemical properties of these microorganisms (Ahn 
et al. 2014). Cabezas et al. (2015) stated that when an 
electric current is generated, there is a change in 
microorganisms' composition. PMFC generally uses plants 
that live in water as a medium to cultivate 
microorganisms that play a role in degrading organic 
material into electrical energy. However, currently, 
studies on the use of this technique are undergoing 
development to enable the use of plants that live in water 
and dry and semi-arid environments. According to Tapia 
et al. (2017), PMFC can be applied using plants that live 
in semi-arid environments, however, the electrical energy 
output obtained is still lower than the use of plants that 
live in water. The tubular reactor design applied in this 
study is still not optimal due to the possibility of oxygen at 
the anode. Meanwhile, microorganisms' metabolism in 
degrading organic material takes place anaerobically 
where there is no oxygen in these conditions. Until now, 
many further developments regarding PMFC have been 
carried out in order to obtain increasingly optimum 
performance. This has been conducted on several aspects 
that affect PMFC performance, such as the reactor design 
and the biological components involved. Bombelli et al. 
(2013) stated that there are still many aspects of PMFC 
that need to be improved in the future, such as the 
electrodes' reaction rate, its incorporation to the 
rhizosphere in plants, the interaction of microorganisms 
against root exudates, etc. 

 

4. Conclusion 

PMFC which utilize water hyacinths can produce bio-
electricity because they can grow rapidly and facilitate 
electricity production in PMFCs. Variations in the type of 
electrodes and the spacing were investigated to determine 
the correct PMFC configuration. Furthermore, the highest 
voltage and current density at stable conditions were 
obtained at 244.8 mV and 185.4 mA/m2, respectively, with 
the use of zinc as the anode with a distance of 10cm 
between the electrodes. The maximum PMFC power 
output produced in this study is 100.2 mW/m2, with higher 
yields compared to those that use iron or carbon felt as 
anode material. The small distance between the electrodes 
affects the mobility of the protons from anode to the 
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cathode, as well as the pH of the media. Also, the growth 
of water hyacinth biomass was fast for 30 days, with an 
average mass growth of 142% of the initial mass, which 
indicates that water hyacinth has a high potential of being 
used in PMFC. 
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