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Abstract
Agricultural and municipal wastewater effluents contain valuable nutrients which can be recovered and recycled for agricul-
tural application to close the gap between the urban food consumers and rural agricultural producers. This paper presents a 
detailed evaluation of novel and sustainable materials for the construction of microbial electrochemical systems. Terracotta 
(an earthly material) and agricultural waste derived biochar materials were used to construct a microbial electrochemical 
system to enable nutrient capture and electricity generation from the organic substrates present in agricultural wastewaters. 
Municipal and agricultural (dairy production) wastewaters were evaluated for the potential resource recovery in the novel, 
sustainable microbial electrochemical systems. The effect of influencing parameters such as external resistance and COD 
concentrations on the performance of terracotta-biochar bioelectrochemical systems was studied. Appreciable levels of COD, 
N and P removals were observed. Moreover, the power densities of 0.45 W/m3 and 1.26 W/m3 were recorded for synthetic 
municipal (500 mgCOD/L) and dairy wastewater (2500 mgCOD/L), respectively. The SEM and EDX analysis results from 
this study confirm the beneficial use of sustainable materials for resource recovery applications in agricultural systems.
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Introduction

Intensive agricultural production to meet the food demands 
due to population growth has resulted in water and nutri-
ent scarcity and soil desertification (Gustavsson et al. 2011; 

Avagyan 2011). To meet the increasing food demands exces-
sive fertilizers are being applied in the agricultural fields. 
The global use of fertilizers for nitrogen and phosphorous 
have increased by eight and three folds (per m2 cropland 
per year) over the past 50 years (Gourley et al. 2007; Lu 
and Tian 2017). This intensified use of fertilizers results in 
disturbed ecosystems, greenhouse gas emissions, soil acidi-
fication and groundwater pollution (Avagyan 2018; Bhat-
tacharyya et al. 2021). Raw minerals rich in P, K and Mg 
are extracted from finite sources, with high environmental 
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footprints (Kratz et al. 2016). At the same time, massive 
fertilization with mineral macronutrients in intensive agri-
culture practices is stripping micronutrients (Co, Mn, Fe, Zn, 
etc.) and soil organic matter (El-Fouly et al. 2015). This also 
leads to release of macro-nutrients to environmental com-
partments through runoff into receiving water bodies, with 
deleterious effects on ecosystems. On the other hand, 89,000 
billion gallons of wastewaters are generated worldwide 
from various sources, with high concentrations of organic/
inorganic carbon and nutrients (Sato et al. 2013; Avagyan 
2018). To promote sustainable production, nutrients and 
water resources should be recovered from wastewater as 
renewed fertilizers/soil conditioners, to preserve the envi-
ronment, optimize the resources in agricultural systems and 
increase circular economy. A summary of nutrient recovery 
and removal processes and nutrient availability in different 
wastewater sources are presented in Supporting information 
(Fig. S1 and Table S1).

A microbial electrochemical system can be envisioned 
to host exoelectrogenic (electron generating) bacteria on 
the anode for converting the organic compounds present in 
various wastewater sources into carbon dioxide and water 
accompanied by release of electrons to be captured by a 
complementing phenomenon of nutrient removal mecha-
nism involving electron acceptance facilitated by electroac-
tive bacteria residing on the cathode (Gude 2016, 2018). 
This process will achieve generation of electricity in the 
first place, while exploiting the unique metabolic processes 
that prevail in anode and cathode compartments for targeted 
removal of carbon and nitrogen compounds. There are many 
inherent advantages that support the use of microbial bioel-
ectrochemical systems for resource recovery applications. In 
addition, this process can be used to biodegrade pollutants 
from various industrial effluents (Mishra et al. 2020), and 
it can be coupled with other chemical processes (Jayashree 
et al. 2019). Several different combinations of this process 
including microalgae- and plant-based systems have been 
studied (Wu et al. 2021; Tongphanpharn et al. 2021). While 
this mechanism is attractive, the electrode and membrane 
materials are expensive and are often clogged by various 
organic and inorganic materials. These factors hinder their 
progress toward commercialization. Most of the studies 
have reported the use of platinum catalyst at the cathode to 
enhance the electron transfer and reduction reaction (Koka-
bian and Gude 2013). In addition, the Nafion membrane 
barrier is another cost-intensive component of these systems 
(Vidhyeswari et al. 2021). Catalyst-free and membrane-free 
microbial electrochemical systems have been investigated to 
eliminate the aforementioned cost-related issues (Kokabian 
and Gude 2015). However, these configurations have pre-
sented their own limitations. Biomass-based carbon materi-
als have been widely studied. Other membrane materials 
such as cation exchange membranes, such as sulfonated 

poly-ether ether ketone (SPEEK), sulfonated polystyrene-
ethylene-butylene-polystyrene (SPSEBS), CMI-7000, and 
Hyflon Ion anion exchange membranes, such as AMI-7000; 
salt bridges; and porous materials such as J-Cloth, glass fiber 
filters and nylon, non-woven cloth, earthenware pot, and 
ceramic and terracotta materials were also studied (Rahim-
nejad et al. 2015; Raychaudhuri and Behera 2020; Mehrotra 
et al. 2021). However, these alternative membranes are not 
considerably cheaper than the Nafion membrane and also 
come with lower performance and high internal resistance 
issues. Most of the studies have focused on improving the 
power generation potential, but other resources that can be 
recovered from these systems received less attention. These 
resources include valuable nutrients (such as nitrogen, phos-
phorous, and potassium) and metals. Nature-derived materi-
als such as biochar and terracotta are more suitable for the 
recovery of nutrients, whereas biochar can be effective for 
metal removal or recovery.

In this research, we evaluate the potential for energy and 
nutrient recovery from wastewater originating from munici-
pal and agricultural industries in bioelectrochemical systems 
constructed by using natural terracotta and agricultural bio-
mass derived biochar materials as construction materials. 
The system includes electrodes made of biochar and the 
membrane element replaced by terracotta wall, thereby mak-
ing the system more sustainable and economically attractive. 
The anode and cathode materials along with terracotta wall 
can be reused in agricultural applications to avail micro- and 
macro-nutrients recovered from these sources. This study 
presents a detailed analysis of impact of external resistance 
and COD effect on the treatment of synthetic municipal 
wastewater treatment in terracotta-biochar bioelectrochemi-
cal systems. In addition, the performance of the novel bioel-
ectrochemical system in treating synthetic dairy wastewater 
has been reported. Finally, discussions and future implica-
tions of the novel system are described in detail.

Materials and methods

Biochar prepared from agricultural residues and terracotta 
can be used as electrodes and as separator in lieu of mem-
branes, respectively. These materials are recoverable and 
recyclable, i.e., they can be replaced when their adsorption 
capacities are saturated for use in nutrient recycling appli-
cations. Biochar has proven to have sorption capacities of 
up to 30 mg g−1 and 145 mg g−1 for PO4-P and NH4-N, 
respectively, in addition to having excellent electron con-
ductivity. On the other hand, terracotta (earthenware) can 
be used as low-cost and biocompatible air–water separator 
to construct air–cathode MFCs and to separate anode and 
cathode. Terracotta-MFCs can deliver special effects such as 
electro-osmotic drag of water molecules, cations migration 
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and catholyte formation corresponding to the electrochemi-
cal activity in bioelectrochemical systems. Terracotta sepa-
rator may also increase pH and water evaporation from the 
air–water interface and contribute to salts precipitation and 
heavy metals recovery. Macronutrients such as N, P, K, Ca, 
Mg can also be efficiently separated due to this mechanism. 
Terracotta has shown to absorb 10 g of nutrients per every 
kilogram. In particular, terracotta sheets have been reported 
to recover 0.32 g of the ammonia–nitrogen and 0.2 g of 
phosphorous per kg of the material (Goglio et al. 2019). 
Furthermore, the ability to diffuse oxygen molecules through 
the external cathode will allow for the reduction reaction of 
oxygen to produce water molecules resulting in pH imbal-
ance, i.e., increase in pH generally in the range of 9 and 10. 
This pH difference between the anode and cathode favors 
electron flow between the electrodes.

A microbial electrochemical system using biochar 
electrodes and terracotta separator

A terracotta-biochar-bioelectrochemical-system (TBBS) was 
prepared using a 0.5 L capacity terracotta pot with an outer 
diameter of 10.4 cm and an inner diameter of 8.9 cm, thick-
ness of 0.7 cm, and depth of 11 cm (Fig. 1a). First, the outer 
and inner surfaces of terracotta pot were scratched with abra-
sive material to make uneven surface so that the bentonite 
and bio-char paste can be adhered to the surface effectively 
(Fig. 1b). Next, biochar was ground to form a fine powder 
and about 70 g of biochar and same amount of bentonite 
clay were mixed in a pot and about 80 ml of distilled water 
was used to mix them in order to form a paste. Bentonite 
clay is used as a natural binder to bind the biochar together 
with terracotta surface. After the formation of paste, it was 
applied on the inner and outer surfaces of the terracotta pot 
to form anode and cathode electrodes, respectively. Finally, 
the paste was wrapped with stainless steel mesh so that it 

can serve as electron conductor. The TBBS prepared in this 
method was left for drying for three days. The TBBS was 
operated in batch mode. In each fed-batch cycle, 500 ml of 
synthetic wastewater with a COD of 500 mg/L was used 
and voltage was recorded under different load resistors. The 
TBBS was inoculated with pre-acclimated aerobic sludge 
collected from the oxidation ditch of the Starkville wastewa-
ter treatment plant. The TBBS was inoculated with 250 ml 
of domestic wastewater in 250 ml of phosphate buffer (pH 
7) to make a total volume of 500 ml. The start-up process 
for TBBS was done under an open circuit condition and in 
fed-batch mode.

Anode inoculum

The anode compartments were inoculated with pre-accli-
mated aerobic sludge (fed with glucose for five months in 
a batch reactor) collected from the oxidation ditch of the 
Starkville wastewater treatment plant (Ghimire and Gude 
2019; Ghimire et al. 2021). The primary source of organic 
carbon fed to the anode of terracotta-biochar bioelectro-
chemical systems was glucose (468.7 mg/L). The anode 
compartment was fed with synthetic wastewater prepared 
with 0.13 g/L of KCl, and NH4Cl, 0.31 g/L nutrient solu-
tion in 50 mM phosphate buffer (NaH2PO4 H2O, 2.45 g/L, 
Na2HPO4, 4.58 g/L, pH = 7) and trace minerals (Freguia 
et al. 2008; Stuart-Dahl et al. 2020). COD, TDS, NH4

+–N, 
NO2

−–N, NO3
−–N, and pH of the samples were analyzed at 

the start and the end of each batch cycle. Fresh solutions of 
wastewater were used in each fed-batch cycle.

Analytical methods

COD concentrations were measured using the procedure in 
Standard Method for Examination of Water and Wastewater 
(APHA 1998). Total dissolved solids (TDS) concentrations 

a b 

Fig. 1   TBBS (terracotta-biochar bioelectrochemical system) diagram (a), experimental setup for TBBS (b)
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and electrical conductivity of the solution were measured 
using a conductivity meter (Extech EC400). Colorimetric 
methods (Hach methods 8039 & 8114) were used to analyze 
the concentration of ammonium nitrogen (NH4

+–N), nitrite 
nitrogen (NO2

−–N) and nitrate nitrogen (NO3
−-N). These 

were analyzed using a spectrophotometer (Hach DR 2800, 
Hach Company, Loveland, CO, USA).

Calculations

Fluke (287 true RMS) multimeter was connected in each 
bioelectrochemical system to record the voltage drop (V) 
continuously across a 1-kΩ load resistor (R) at a 15-min 
interval. Ohm’s law as in Eq. 1 was used to calculate the cur-
rent across the 1 kΩ load resistor (Ghimire and Gude 2019).

Power density (W/m3) was calculated using Eq. 2.

where I is the current flowing through the resistor in ampere 
and Van is the volume of the anode chamber in cubic meter.

COD removal efficiencies were calculated using Eq. 3

where CODi and CODf are the initial and final COD (mg/L) 
concentrations of the anode solution, respectively. Similar 
expressions as Eq. 3 were used to determine the nitrogen and 
phosphorous removal efficiencies.

Surface and elemental analysis (SEM and EDX 
analysis)

Optical observations of the composite sample surfaces (bio-
char and bentonite mixture) were performed using Zeiss 

(1)V = I × R

(2)PAn = R × I
2∕Van

(3)

% Removal efficiency (COD) =
CODi − CODf

CODi

× 100%

EVO-50 Variable Pressure Scanning Electron Microscopy 
(SEM). Energy-dispersive X-ray spectroscopy (EDX analy-
sis) was performed using JEOL 6500F Field Emission SEM 
with attached X-EDS spectrometer and Oxford Instruments 
INCA Energy + software for electron beam-induced X-ray 
elemental analysis (includes ultra-thin window (for boron 
and higher atomic number element detection) and EBSD 
detector and Oxford Instruments INCA Crystal software for 
Electron Backscatter Diffraction (EBSD) crystallographic 
analysis.

Results and discussion

The voltage generation profile of TBBS during start-up 
period is shown in Fig. 2. During the 1st batch cycle of 
operation, the open circuit voltage (OCV) has increased 
to 0.75 V initially and then decreased to about 0 V within 
50 h of operation. After 50 h, the second cycle was operated 
and the produced open circuit voltage was very low due to 
the loose connection of the conducting wire to the anode 
electrode. In the third cycle of operation, the anode connec-
tion wire was tightened and it was found that the OCV was 
increased to 0.62 V. More cycles were operated under OCV 
condition until stable voltage was observed. A constant OCV 
was observed in 5th and 6th cycles. After the 6th cycle, the 
TBBS was operated with different load resistors.

Effect of load resistor in performance 
of TBBS

The external resistor is another factor that might affect the 
power output of bioelectrochemical systems. The TBBS 
was operated with three different resistors (1000 Ω, 500 Ω, 
and 100 Ω) to determine the effect of load resistor on its 
performance which is presented in Fig. 3. The maximum 
voltage drop was recorded at 0.7 V during the operation 

Fig. 2   The performance of a 
terracotta-biochar-bioelectro-
chemical-system at different 
fed-batch cycles of operation: 
overall voltage profile of TBBS 
under open circuit voltage and 
different external resistors
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of TBBS across 500 Ω resistor. About 0.56 V and 0.25 V 
of maximum voltage were produced during the operation 
of TBBS at 1000 Ω and 100 Ω external resistors, respec-
tively. The maximum power produced when the TBBS 
was operated across the resistor of 500 Ω was 0.98 mW. 
The maximum power produced during operation of TBBS 
across 100 Ω and 1000 Ω external resistors were 0.72 mW 
and 0.31 mW, respectively. The voltage generation poten-
tial has varied with external resistor application similar to 
studies reported on sediment-based microbial fuel cells. In 
this study, the voltage generation trend can be explained 
as follows. In general, the anode potential is higher at 
lower external resistance and vice versa. However, the 
anode potential is reportedly lower at higher external 
resistance leading to lower voltage generation. The lower 
anode potential means that the metabolic activities of the 

microorganisms residing on the anode biofilm are altered 
at higher external resistance. There is a possibility of dif-
ferent species of microorganisms that have utilized the 
organic matter for purposes other than electricity genera-
tion such as methane generation. In addition, when the 
external electrical resistance is high, the equilibrium 
potential of the cell generates an electric current lower 
than the maximum sustainable rate of charge transfer to/
from the current-limiting electrode. The potential of the 
cell adjusts to the external resistance. In the latter case, the 
power generation is sustainable but lower than it could be 
if the resistance of the external circuit were lower (Meni-
cucci et al. 2006).

The terracotta-biochar bioelectrochemical system 
included a stainless steel mesh on both inside and outside 
surfaces which are serving as anode and cathode respec-
tively. The microbial biofilm was formed on the anode 
surface attached to the stainless steel mesh. In this case, 
the stainless steel mesh is expected to have performed both 
current collection and have facilitated microbial commu-
nity formation (Jung et al. 2018). The microbial commu-
nity structure of the biofilms (on the anode) in relation to 
the external resistance has been well studied (Lyon et al. 
2010; Liu et al. 2016). Each bioelectrochemical system is 
unique and its physical, biological and operating charac-
teristics are affected by numerous factors such as the sub-
strate type, biofilm microbiome composition, reactor con-
figuration and cell architecture (including electrochemical 
cell materials), materials of construction, and any external 
catalysts and enzymes available for the electron transfer 
and acceptance (Gude 2016). In this system, naturally 
available materials such as terracotta and biochar were 
used to provide distinct benefits in addition to the pollutant 
removal and energy generation, which is nutrient recovery. 
Although, the stainless steel mesh would facilitate faster 
current collection (electron transfer from the anode to the 
cathode), other limiting factors such as mass transfer of 
substrates in the biofilm could affect the electron genera-
tion and transfer capability resulting in low or high volt-
age generation potential. It should be noted that different 
groups of microorganisms could find the conditions con-
ducive under different external load resistance which may 
have different capability of electricity generation potential 
(Lyon et al. 2010). Regardless of the high external resist-
ance, some bacterial species are still able to use the anode 
as an electron transfer intermediate (with the final electron 
acceptor as oxygen) as evidenced by the power production 
at 1000 Ω. This demonstrates the flexibility of terracotta-
biochar bioelectrochemical systems and the range of reac-
tor configurations that could be used to produce electricity. 
For this system, the external resistor of 500 Ω appears to 
result in the maximum power production.
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Fig. 3   Voltage generation profiles of TBBS at external load resistors 
of 1000 Ω (a), 100 Ω (b), and 500 Ω (c)
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COD removal at different load resistors

The COD removal profiles in TBBS at three different 
load resistors are shown in Fig.  4. The results showed 
that the COD removal rate operated with load resistor of 
100 Ω and 500 Ω resistor were similar: 0.20 g d−1 L−1 and 
0.21 g d−1 L−1 respectively. However, the COD removal rate 
decreased (0.18 g d−1 L−1) while operating the TBBS with 
an external load resistor of 1000 Ω for the first 50 h of opera-
tion. Furthermore, the results showed that the COD removal 
percentage increased when the load resistor resistance value 
was lower.

At a load resistor of 1000 Ω, nearly 66% of COD removal 
was observed within 50 h of operation while it was 77% 
and 78% when operating with load resistors of 500 Ω and 
100 Ω, respectively. The rate of COD removal was higher 
within the first 50 h of operation, whereas the rate of COD 
removal decreased after 50 h of operation. For example, for 
TBBS with load resistor of 100 Ω, about 78% of COD was 
removed in 50 h of operation but in 100 h of operation only 
89% of COD removal was observed (Fig. 5). Similarly, the 
COD removal rates at 500 Ω and 100 Ω were 88% and 81%, 
respectively, at the end of 100 h of operation. The higher 
power production at lower external resistance indicates 
higher energy and substrate conversion efficiency. The resist-
ance to convert the chemical energy into useful metabolic 
products was low in this case resulting in higher electron 
and heat release potential. This reflected in the higher COD 
removal rates at lower resistances (Lin et al. 2016). In addi-
tion, the reasons presented in the previous section also apply 
for the lower COD removal at higher external resistance, i.e., 
competing metabolic activities by the microbial consortium 
in the anode biofilm. The competition for the electron donor 
(COD) between exoelectrogenic bacteria and fermentative 
and anaerobically respiring microorganisms during the ini-
tial period of anode biofilm colonization and their functions 

can also have significant impact on the COD removal as well 
as electricity generation. These observations have already 
been proved in the literature (Picioreanu et al. 2007, 2008).

Ammonium nitrogen (NH4
+–N) removal profile was stud-

ied by analyzing samples for NH4
+–N concentration at every 

12 h of operation. The concentration of NH4
+–N decreased 

with time and the removal of NH4
+–N was linearly cor-

related with operational cycle time. However, only about 
38% of ammonium removal was observed within 100 h of 
operation of the batch cycle. Total phosphate removal with 
time was studied by analyzing the phosphate concentration 
in every 12 h of operation. The result showed that the phos-
phate concentration decreased with time and was linearly 
correlated with the operational time. About 54% of phos-
phate removal was observed within 100 h.

Effect of COD concentration on the performance 
of TBBS

Figure 6 shows the voltage profile generated by TBBS at dif-
ferent COD concentrations of synthetic domestic wastewater. 
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Fig. 5   Percentage of COD removal at different hours of operational 
cycle: a at the end of 50 h of operation; b at the end of 100 h of oper-
ation

0 100 200 300 400 500 600 700 800 900 1000
Time (hours)

0

0.2

0.4

0.6

0.8

1

Vo
lta

ge
(V
)

500 mg/L COD
100 mg/L COD 250 mg/L COD

Fig. 6   Voltage profile generated by TBBS at different COD concen-
tration



3231Energy and nutrient recovery from dairy and municipal wastewater sources in a terracotta‑biochar…

1 3

Three cycles were repeated in each COD concentration. 
The results showed that the voltage generated by TBBS 
increased with the COD concentration of synthetic waste-
water, within the range of 100 to 500 mg/L. The range was 
chosen to represent most municipal wastewaters and agri-
cultural industry effluents. This cannot be concluded as a 
general trend at much higher COD loadings as there can 
a substrate inhibitory effect at higher COD concentrations. 
However, a previous study showed that higher power genera-
tion potentials could be observed at higher COD concentra-
tions (0–3500 mg/L) including a few days of COD stress 
(del Campo et al. 2013). Figure 7 shows the COD removal 
profiles in TBBS at different COD concentrations at 100, 
250, and 500 mg/L, respectively. The COD removal was 
about 84% at a COD concentration of 500 mg/L, while the 
removal rates were 76% and 75% at COD concentrations of 
250 and 100 mg/L, respectively at the end of 105 h. This 
means that the specific COD removal rate was significantly 
lower at low COD concentrations. However, addition of a 
co-substrate could enhance the electron transfer and voltage 
generation potential of the system (Ndayisenga et al. 2021).

Polarization test

The polarization curves from the bioelectrochemical systems 
provide important information about the operating condi-
tions of the system, in particular, about the actual capabili-
ties of the system (del Campo et al. 2013). These curves 
reveal three important parameters: the open circuit voltage 
(OCV) or the maximum allowable voltage (for a zero cur-
rent), the maximum intensity reachable (for a zero potential) 
and the maximum feasible power density. In addition, the 
shape of the curve gives information about the limiting stage 
that controls the performance of the system (Fig. 8).

The electricity generation potential in bioelectro-
chemical systems depends on the electron transfer step 
between the bacteria and the anode and this step should be 

thermodynamically favorable at the given conditions. In 
this study, biochar was used as an anode which should act 
as a thermodynamically favorable electron acceptor from 
the bacteria with favorable redox potentials. Different bac-
teria have different electron transfer mechanisms poised at 
different potentials which are in turn affected by the exter-
nal resistance. In this study we did not use any catalyst to 
promote the electron transfer between the anode and cath-
ode. While the thermodynamics appeared to be favorable 
for the biochar anode, there are many internal resistance 
mechanisms that reduce the potential use of the electron 
transfer to the cathode from the anode. We used stainless 
steel mesh to accomplish effect collection and transfer of 
electrons between the electrodes. In addition, exoelectro-
gens (electricity producing bacteria) should overcome the 
resistance posed by the system. TBBS should be operated 
under optimal conditions for power production at an optimal 
external resistance to minimize losses. The optimal exter-
nal resistance usually correlates to the internal resistance of 
the system. To determine the optimum resistance, After the 
voltage generation was stabilized, polarization tests were 
performed at various external resistances. Figure 8 shows the 
polarization test performed in TBBS with synthetic waste-
water (COD of 500 mg/L). The polarization curve showed 
that the TBBS with synthetic municipal wastewater had an 
open-circuit voltage of 0.54 V and the corresponding maxi-
mum power density generated was 0.45 W/m3.

Synthetic dairy wastewater treatment in TBBS

3 g/L of commercial powder milk was added in distilled 
water which resulted in a total COD concentration of 
2500 ± 30 mg/L. The nitrogen and phosphorus sources were 
provided in the form of (NH4)2SO4 and NaH2PO4, respec-
tively, in this study. Equivalent NH4

+–N concentration of 
80 mg/L and PO4

3− concentration of 20 mg/L were used. 
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The COD concentration is in the range of the concentra-
tions reported in different effluents as shown in Table S1. 
Dairy wastewater composition, in general, constitutes of 
1500–5000 mgCOD/L (Elakkiya and Matheswaran 2013; 
Mardanpour et al. 2012) depending on the process variations 
and the discharge point in the process (Farizoglu and Uzuner 
2011). The newly made terracotta biochar bioelectrochemi-
cal system (TBBS) was used to evaluate COD, ammonium 
nitrogen and phosphate removal in the dairy wastewater. 
The system was operated in fed-batch mode. Each cycle 
was operated for 100 h. First three cycles of the system was 
operated with distilled water in order to compare the voltage 
production with DWW and DI water.

Voltage generation

Figure 9 shows the voltage generation profile for distilled 
water and dairy wastewater. The TBBS was first operated 
with distilled water and it was observed that for the 1st 
cycle, the maximum voltage was 0.4 V with distilled water 
and remained constant at voltage of 0.15 V for about 75 h 
(Fig. 11). Again, second cycle with distilled water was oper-
ated and in this cycle the maximum voltage was decreased to 
0.3 V and the minimum voltage of 0.1 V was observed after 
50 h of operation. Further operating the system with dis-
tilled water has decreased the maximum voltage production 
to 0.12 V and the minimum of 0.004 V was observed. These 
results showed that for the operation of this system, potential 
electron acceptance mechanism embedded in the terracotta-
biochar construction materials should be considered. There 
was an electron transfer mechanisms that was established 
between the chemical compounds of the synthetic dairy 
wastewater and the terracotta-biochar materials still aug-
mented by oxygen as electron acceptor at the cathode.

The voltage generation phenomenon using distilled water 
for the first 150 h of operation can be explained as follows. 
Soils can hold exchangeable cations (positively charged 
ions) which is called cation exchange capacity. It is an inher-
ent characteristic of soils and cannot be altered significantly. 
It influences the soil’s ability to hold onto essential nutrients 

and provides a buffer against soil acidification. Soils with a 
higher clay fraction tend to have a higher cation exchange 
capacity similar to organic matter. Sandy soils rely on the 
high cation exchange capacity of organic matter for the 
retention of nutrients in the top soil. Soil’ structural stabil-
ity, nutrient availability, soil pH and the soil’s reaction to 
fertilizers and other ameliorants. The cation exchange capac-
ity of the material may have facilitated the electrochemical 
voltage generation without the contribution from the micro-
organisms. However, as noted, the potential has faded away 
once the cation exchange capacity was exhausted.

The five cycles operated with DWW were shown in 
Fig. 10. 1st cycle of DWW produced maximum voltage of 
0.32 V, whereas in 2nd cycle the maximum voltage produc-
tion was about 0.5 V (Fig. 10). Similarly, the maximum volt-
age produced in 3rd, 4th, and 5th cycle was 0.56 V, 0.42 V, 
and 0.40 V, respectively. Considering the maximum voltage 
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Fig. 9   Voltage profile produced by distilled water and DWW
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produced in 3rd cycle (0.56 V) within 500-Ω load resistor, 
the maximum power production is equivalent to 0.63 mW 
and maximum power density produced equal to 1260 mW/
m3 or 1.26 W/m3.

The power density is comparable or higher than the val-
ues reported in the literature. Pant et al. (2016) reported a 
power density of 0.25 W/m3 at a COD loading of 2800 mg/L 
(2.8 kg/m3). The COD removal percentage was 83%. Nimje 
et al. (2012) reported a power density of 0.4 W/m3 at a COD 
loading of 1600 mg/L (1.6 kg/m3). The COD removal per-
centage was 86%. Marassi et al. (2019) reported a power 
density of 1.33 W/m3 at a COD loading of 5200 mg/L 
(5.2 kg/m3). The COD removal percentage was 67%. Higher 
COD loading rates resulted in higher power densities in gen-
eral (Marassi et al. 2020).

COD removal

COD removal was studied by analyzing the COD concen-
tration in every 12 h and presented in Fig. 10a. About 76% 
of COD removal was observed within 100 h of operational 
time, which is in the range of COD removal rates (67% to 
87%) reported in the literature (Marassi et al. 2019; Nimje 
et al. 2012; Pant et al. 2016).

Ammonium nitrogen removal

Ammonium nitrogen removal with time was studied by ana-
lyzing the sample ammonium nitrogen concentration every 
12 h of operation and the data is presented in Fig. 10b. The 
concentration of ammonium nitrogen decreased with time 
and the removal of ammonium nitrogen was linearly cor-
related with operational cycle time. However, only about 
38% of ammonium removal was observed within 100 h of 
operation.

Phosphate removal

Total phosphate removal with time was studied by analyz-
ing the phosphate concentration in every 12 h of operation 
and the data is presented in Fig. 10c. The result showed 
that the phosphate was removed with time and was linearly 
correlated with time. About 54% of phosphate removal was 
observed within 100 h.

Evaluation of terracotta‑biochar material structure 
and elemental composition

Figures 11a and Fig. 12a show the SEM images of the ben-
tonite-biochar mixture before and after 500 h of operation. 
Initially, the surface the mixture is smoother (smaller pores) 
compared to that after 500 h of operation in the terracotta-
biochar bioelectrochemical system. In addition, distinct and 
heterogeneous pore structure can be found on the mixture 
after the operation. The mixture appeared to be more granu-
lar before the use in the system. Somewhat similar observa-
tions were made in a study focusing on different types of 
ceramic membranes (Merino-Jimenez et al. 2019).

Figure 11b shows the elemental composition of bentonite 
and biochar mixed sample. As can be seen, the bentonite and 
biochar mixed sample contains C, O, Al, Si, Fe, Cu, Mg, Na, 
Ca, and Cu. The weight (%) for each element in terracotta 
pot sample is shown in Table 1. The bentonite and biochar 
mixed sample contained 48%, 29.01%, 9.84%, 7.63, 2.11%, 
and 0.74% of C, O, Fe, Si, Al, and Ca, respectively.

After operating the terracotta biochar MFC for 500 h, a 
sample was taken from the anode material (bentonite and 
biochar mixture) and SEM imaging and EDX elemental 
composition analysis were performed. Figure 12a shows 
the SEM image of sample, and Fig. 12b shows the EDX 
analysis of the sample. As can be seen, the bentonite and 
biochar mixed sample (after 500 h of experimental time) 
contains C, N, O, Al, Si, S, K, Fe, Cu, Mg, Na, Ca, and Kr. 

Fig. 11   SEM image for surface analysis (a) and EDX elemental analysis (b) of bentonite and biochar mixed material served as anode and cath-
ode before its use in the terracotta-biochar bioelectrochemical system
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The weight (%) for each element in terracotta pot sample is 
shown in Table 1. The bentonite and biochar mixed sample 
contained 35.26%, 28.67%, 10.69%, 6.80, 5.89%, 5.12%, 
1.88%, 1.32% and 1.21% of C, O, Si, Al, N, Kr, S, Fe, and 
Ca, respectively. After 500 h of operation, few new elements 
were observed in sample than that of sample before experi-
ment. The new elements are N, S, and Kr (Krypton) with 
abundance of 5.89%, 5.12%, 1.88%, respectively. 5.89% of N 
in the sample could be due to the adsorption of ammonium 
nitrogen (present in synthetic wastewater) by biochar and 
bentonite mixed sample.

It can be noted that the relative abundance of the essential 
cations in the materials has increased in the bentonite and 
biochar mixture. For example, the weight percentage of Ca2+ 

increased from 0.74 to 1.21% and magnesium has increased 
from 0.44 to 0.45%, while the essential micronutrients such 
as Na and K have increased from 0.28 and 0.57% to 1.58 and 
0.73%, respectively.

Implications of this study

Terracotta is one type of clay material that can be added to 
agricultural soils for various benefits such as higher water 
retention and buffer capacity to pH changes. The clay min-
eral and organic matter components of soil have negatively 
charged sites on their surfaces which adsorb and hold posi-
tively charged ions (cations) by electrostatic force. This elec-
trical charge is critical to the supply of nutrients to plants 
because many nutrients exist as cations (e.g., magnesium, 
potassium and calcium). In general terms, soils with large 
quantities of negative charge are more fertile because they 
retain more cations (McKenzie et al. 2004). The addition 
of terracotta increases the cation exchange capacity, i.e., 
the exchangeable cations such as cations calcium (Ca2+), 
magnesium (Mg2+), sodium (Na+) and potassium (K+) in 
soils. Terracotta and biochar materials used in this bioelec-
trochemical system recover various nutrients which can be 
added to agricultural soils to increase the nutrient availabil-
ity and reduce soil acidity due to these base cations.

Considering the electricity generation potential of the 
terracotta-biochar bioelectrochemical system, it can be 
viewed as an additional benefit albeit not substantial. There 
are numerous applications in which the small amount of 
electricity generated in these systems can be purposely uti-
lized in agricultural fields, such as soil sensors. This pro-
cess offers some attractive benefits when compared with 
the anaerobic digesters such as generating clean electric-
ity without the need for transforming the biogas into elec-
tricity (Pham et al. 2006). While conventional wastewater 
treatment systems, especially nutrient removal systems are 
tagged as energy-intensive processes, the terracotta-biochar 

Fig. 12   SEM image (a) and EDX analysis (b) of bentonite-biochar mixed material served as anode and cathode in the terracotta-biochar bioelec-
trochemical system after 500 h of operation

Table 1   Elements and their percentage in bentonite and biochar 
mixed material

Before the start of the experi-
ment

After 500 h of operation

Elements Weight 
(%)

Atomic 
(%)

Elements Weight 
(%)

Atomic (%)

C 48.00 62.22 C 35.26 48.39
O 29.01 28.23 N 5.89 6.93
Na 0.28 0.19 O 28.67 29.54
Mg 0.44 0.28 Na 1.58 1.13
Al 2.11 1.22 Mg 0.45 0.31
Si 7.63 4.23 Al 6.80 4.15
K 0.57 0.23 Si 10.69 6.27
Ca 0.74 0.29 S 1.88 0.96
Ti 0.53 0.17 K 0.73 0.31
Fe 9.84 2.74 Ca 1.21 0.50
Cu 0.85 0.21 Fe 1.32 0.39

Cu 0.41 0.11
Kr 5.12 1.01

Sum 100.00 Sum 100.00
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bioelectrochemical system is an energy-positive system as 
net energy is generated in this process. For example, the 
most commonly used activated sludge process requires 
around 1322 kW h per million gallons and trickling filter 
plants require 955 kW h per million gallons, while this sys-
tem requires comparatively insignificant external power 
input for its operation (Khan et al. 2017). It has been esti-
mated that the cost of wastewater treatment for an influ-
ent flow of 318 m3 h−1 by a microbial fuel cell would be 
only 9% (∼$6.4 million) of the total cost of treatment by 
conventional wastewater treatment plant (∼$68.2 million) 
(Abourached et al. 2016). With the replacement of construc-
tion materials with cheaper and sustainable materials such as 
terracotta and biochar will make these systems economically 
more attractive.

Conclusion

This study evaluated the feasibility of naturally available 
(non-synthetic) sustainable materials such as biochar and 
terracotta in bioelectrochemical systems to recover energy 
and nutrients. A summary of experimental studies focusing 
on the use of these sustainable materials in treating both 
municipal and dairy wastewater sources was presented. The 
terracotta-biochar bioelectrochemical system developed 
in this study has demonstrated on par with other systems 
reported in previous studies. While the energy recovered 
from the system is only sufficient for very small applications 
such as powering sensors, the benefits of nutrient recovery 
and their potential reuse in agricultural systems are the major 
advantage. The energy recovery potential can be improved 
by minimizing the ohmic losses, activation overpotentials, 
mass transfer limitations and other losses. Further mecha-
nistic studies are required to optimize these parameters so 
that the energy recovery potential can be enhanced. The 
role of microbial biofilms and microbiome structure should 
be evaluated in detail as this system utilizes biochar as the 
anode surface. Finally, it is evident that field-scale studies 
demonstrating the potential of these materials are critical for 
advancing the terracotta-biochar bioelectrochemical system 
applications in agriculture and wastewater treatment.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10098-​022-​02361-7.

Acknowledgements  This research was supported by the research 
Grants from USGS-MWRRI (United States Geological Survey and 
Mississippi Water Resources Research Institute) research program. Dr. 
Gude acknowledges the support received from Kelly Gene Cook Sr. 
Endowed Chair position in the Department of Civil and Environmental 
Engineering of Bagley College of Engineering at Mississippi State 
University. Umesh Ghimire was supported in part by the funds received 
from Kelly Gene Cook Sr. Endowed Chair.

Funding  This research was supported by the research grants from 
USGS-MWRRI (United States Geological Survey and Missis-
sippi Water Resources Research Institute).

Data availability  Enquiries about data availability should be directed 
to the authors.

Declarations 

Conflict of interest  The authors have not disclosed any competing in-
terests.

References

Abourached C, English MJ, Liu H (2016) Wastewater treatment by 
microbial fuel cell (MFC) prior irrigation water reuse. J Clean 
Prod 20(137):144–149

APHA (1998) Standard methods for the examination of water and 
wastewater, 20 edn. American Public Health Association

Avagyan AB (2011) Water global recourse management through the 
use of microalgae addressed to new design and build biologi-
cal system and sustainable development. Clean Technol Environ 
Policy 13:431–445. https://​doi.​org/​10.​1007/​s10098-​010-​0321-5

Avagyan AB (2018) Algae to energy and sustainable development. 
Technologies, resources, economics and system analyses. New 
design of global environmental policy and live conserve industry. 
Amazon, ISBN-13: 978-1718722552, ISBN-10: 1718722559)

Bhattacharyya SS, Adeyemi MA, Onyeneke RU, Bhattacharyya S, 
Faborode HF, Melchor-Martínez EM, Iqbal HM, Parra-Saldívar 
R (2021) Nutrient budgeting—a robust indicator of soil–water–air 
contamination monitoring and prevention. Environ Technol Innov 
1(24):101944

del Campo AG, Lobato J, Cañizares P, Rodrigo MA, Morales FF 
(2013) Short-term effects of temperature and COD in a microbial 
fuel cell. Appl Energy 1(101):213–217

Elakkiya E, Matheswaran M (2013) Comparison of anodic metabo-
lisms in bioelectricity production during treatment of dairy waste-
water in microbial fuel cell. Biores Technol 1(136):407–412

El-Fouly MM, Fawzi AF, Abou El-Nour EA, Zeidan MS, Firgany AH 
(2015) Impact of long-term intensive cropping under continuous 
tillage and unbalanced use of fertilizers on soil nutrient contents 
in a small holding village. Afr J Agric Res 10(53):4850–4857

Farizoglu B, Uzuner S (2011) The investigation of dairy industry 
wastewater treatment in a biological high performance membrane 
system. Biochem Eng J 15(57):46–54

Freguia S, Rabaey K, Yuan Z, Keller J (2008) Syntrophic processes 
drive the conversion of glucose in microbial fuel cell anodes. 
Environ Sci Technol 42(21):7937–7943

Ghimire U, Gude VG (2019) Accomplishing a NEW (nutrient-energy-
water) synergy in a bioelectrochemical nitritation-anammox pro-
cess. Sci Rep 9(1):1–3

Ghimire U, Gude VG, Smith R, Brooks JP, Deng D (2021) Co-existing 
anammox, ammonium-oxidizing, and nitrite-oxidizing bacteria 
in biocathode-biofilms enable energy-efficient nitrogen removal 
in a bioelectrochemical desalination process. ACS Sustain Chem 
Eng 9(14):4967–4979

Goglio A, Marzorati S, Rago L, Pant D, Cristiani P, Schievano A 
(2019) Microbial recycling cells: First steps into a new type of 
microbial electrochemical technologies, aimed at recovering nutri-
ents from wastewater. Biores Technol 1(277):117–127

Gourley CJ, Powell JM, Dougherty WJ, Weaver DM (2007) Nutrient 
budgeting as an approach to improving nutrient management on 
Australian dairy farms. Aust J Exp Agric 47(9):1064–1074

https://doi.org/10.1007/s10098-022-02361-7
https://doi.org/10.1007/s10098-010-0321-5


3236	 U. Ghimire et al.

1 3

Gude VG (2016) Wastewater treatment in microbial fuel cells–an over-
view. J Clean Prod 20(122):287–307

Gude VG (2018) Integrating bioelectrochemical systems for sus-
tainable wastewater treatment. Clean Technol Environ Policy 
20(5):911–924

Gustavsson J (2011) Food and Agriculture Organization of the United 
Nations., and ASME/Pacific Rim technical conference and exhi-
bition on integration and packaging of MEMS, NEMS, and 
electronic systems (2011). InGlobal food losses and food waste: 
extent, causes and prevention: study conducted for the Interna-
tional Congress" Save Food!" at Interpack 2011 Dusseldorf, Ger-
many 2011

Jayashree S, Ramesh ST, Lavanya A, Gandhimathi R, Nidheesh PV 
(2019) Wastewater treatment by microbial fuel cell coupled 
with peroxicoagulation process. Clean Technol Environ Policy 
21(10):2033–2045

Jung SP, Kim E, Koo B (2018) Effects of wire-type and mesh-type 
anode current collectors on performance and electrochemistry 
of microbial fuel cells. Chemosphere 1(209):542–550

Khan MD, Khan N, Sultana S, Joshi R, Ahmed S, Yu E, Scott K, 
Ahmad A, Khan MZ (2017) Bioelectrochemical conversion of 
waste to energy using microbial fuel cell technology. Process 
Biochem 1(57):141–158

Kokabian B, Gude VG (2013) Photosynthetic microbial desalination 
cells (PMDCs) for clean energy, water and biomass production. 
Environ Sci Process Impacts 15(12):2178–2185

Kratz S, Schick J, Schnug E (2016) Trace elements in rock phos-
phates and P containing mineral and organo-mineral fertilizers 
sold in Germany. Sci Total Environ 15(542):1013–1019

Lin H, Wu X, Nelson C, Miller C, Zhu J (2016) Electricity genera-
tion and nutrients removal from high-strength liquid manure 
by air-cathode microbial fuel cells. J Environ Sci Health Part 
A 51(3):240–250

Liu T, Yu YY, Li D, Song H, Yan X, Chen WN (2016) The effect 
of external resistance on biofilm formation and internal resist-
ance in Shewanella inoculated microbial fuel cells. RSC Adv 
6(24):20317–20323

Lu C, Tian H (2017) Global nitrogen and phosphorus fertilizer use 
for agriculture production in the past half century: shifted hot 
spots and nutrient imbalance. Earth Syst Sci Data 9(1):181–192

Lyon DY, Buret F, Vogel TM, Monier JM (2010) Is resistance futile? 
Changing external resistance does not improve microbial fuel 
cell performance. Bioelectrochemistry 78(1):2–7

Marassi RJ, Hermanny RS, Silva GC, Silva FT, Paiva TC (2019) 
Electricity production and treatment of high-strength dairy 
wastewater in a microbial fuel cell using acclimated electro-
genic consortium. Int J Environ Sci Technol 16(11):7339–7348

Marassi RJ, Queiroz LG, Silva DC, da Silva FT, Silva GC, de Paiva 
TC (2020) Performance and toxicity assessment of an up-flow 
tubular microbial fuel cell during long-term operation with 
high-strength dairy wastewater. J Clean Prod 20(259):120882

Mardanpour MM, Esfahany MN, Behzad T, Sedaqatvand R (2012) 
Single chamber microbial fuel cell with spiral anode for dairy 
wastewater treatment. Biosens Bioelectron 38(1):264–269

McKenzie N, Jacquier D, Isbell R, Brown K (2004) Australian soils 
and landscapes: an illustrated compendium. CSIRO Publish-
ing, Clayton

Mehrotra S, Kumar VK, Gajalakshmi S, Pathak B (2021) Bioelec-
trogenesis from ceramic membrane-based algal-microbial fuel 
cells treating dairy industry wastewater. Sustain Energy Technol 
Assess 1(48):101653

Menicucci J, Beyenal H, Marsili E, Veluchamy RA, Demir G, 
Lewandowski Z (2006) Procedure for determining maximum 
sustainable power generated by microbial fuel cells. Environ 
Sci Technol 40(3):1062–1068

Merino-Jimenez I, Gonzalez-Juarez F, Greenman J, Ieropoulos I 
(2019) Effect of the ceramic membrane properties on the micro-
bial fuel cell power output and catholyte generation. J Power 
Sources 31(429):30–37

Mishra S, Nayak JK, Maiti A (2020) Bacteria-mediated bio-degra-
dation of reactive azo dyes coupled with bio-energy generation 
from model wastewater. Clean Technol Environ Policy 21:1–7

Ndayisenga F, Yu Z, Kabera T, Wang B, Liang H, Phulpoto IA, 
Habiyakare T, Ndayambaje YK, Yan X (2021) Co-substrate 
facilitated charge transfer for bioelectricity evolution in a toxic 
blue-green alga-fed microbial fuel cell technology. Clean Tech-
nol Environ Policy 27:1

Nimje VR, Chen CY, Chen HR, Chen CC, Huang YM, Tseng MJ, 
Cheng KC, Chang YF (2012) Comparative bioelectricity pro-
duction from various wastewaters in microbial fuel cells using 
mixed cultures and a pure strain of Shewanella oneidensis. 
Biores Technol 1(104):315–323

Pant D, Van Bogaert G, Alvarez-Gallego Y, Diels L, Vanbroekhoven K 
(2016) Evaluation of bioelectrogenic potential of four industrial 
effluents as substrate for low cost microbial fuel cells operation. 
Environ Eng Manag J (EEMJ) 15(8):1897–1904

Pham TH, Rabaey K, Aelterman P, Clauwaert P, De Schamphelaire 
L, Boon N, Verstraete W (2006) Microbial fuel cells in relation 
to conventional anaerobic digestion technology. Eng Life Sci 
6(3):285–292

Picioreanu C, Head IM, Katuri KP, van Loosdrecht MC, Scott K (2007) 
A computational model for biofilm-based microbial fuel cells. 
Water Res 41(13):2921–2940

Picioreanu C, Katuri KP, Head IM, van Loosdrecht MC, Scott K (2008) 
Mathematical model for microbial fuel cells with anodic biofilms 
and anaerobic digestion. Water Sci Technol 57(7):965–971

Rahimnejad M, Adhami A, Darvari S, Zirepour A, Oh SE (2015) 
Microbial fuel cell as new technology for bioelectricity genera-
tion: a review. Alex Eng J 54(3):745–756

Raychaudhuri A, Behera M (2020) Ceramic membrane modified with 
rice husk ash for application in microbial fuel cells. Electrochim 
Acta 10(363):137261

Sato T, Qadir M, Yamamoto S, Endo T, Zahoor A (2013) Global, 
regional, and country level need for data on wastewater genera-
tion, treatment, and use. Agric Water Manag 1(130):1–3

Stuart-Dahl S, Martinez-Guerra E, Kokabian B, Gude VG, Smith R, 
Brooks J (2020) Resource recovery from low strength wastewa-
ter in a bioelectrochemical desalination process. Eng Life Sci 
20(3–4):54–66

Tongphanpharn N, Guan CY, Chen WS, Chang CC, Yu CP (2021) 
Evaluation of long-term performance of plant microbial fuel cells 
using agricultural plants under the controlled environment. Clean 
Technol Environ Policy 5:1–2

Vidhyeswari D, Surendhar A, Bhuvaneshwari S (2021) Evaluation of 
power generation and treatment efficiency of dairy wastewater in 
microbial fuel cell using TiO2–SPEEK as proton exchange mem-
brane. Water Sci Technol 84(10–11):3388–3402

Wu JY, Lay CH, Chia SR, Chew KW, Show PL, Hsieh PH, Chen CC 
(2021) Economic potential of bioremediation using immobilized 
microalgae-based microbial fuel cells. Clean Technol Environ 
Policy 12:1–4

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Energy and nutrient recovery from dairy and municipal wastewater sources in a terracotta-biochar bioelectrochemical system
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	A microbial electrochemical system using biochar electrodes and terracotta separator
	Anode inoculum
	Analytical methods
	Calculations

	Surface and elemental analysis (SEM and EDX analysis)

	Results and discussion
	Effect of load resistor in performance of TBBS
	COD removal at different load resistors
	Effect of COD concentration on the performance of TBBS
	Polarization test
	Synthetic dairy wastewater treatment in TBBS
	Voltage generation
	COD removal
	Ammonium nitrogen removal
	Phosphate removal
	Evaluation of terracotta-biochar material structure and elemental composition

	Implications of this study

	Conclusion
	Acknowledgements 
	References




