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This work aimed to evaluate the devilfish bone char as an alternative material

to be used as a bioanode in a microbial fuel cell (MFC) applied in bioenergy

production from the pantoprazole biodegradation. The devilfish is an invasive

species in Mexico and other countries, so its control and eradication are based

on the integral use of its biomass. In addition, the bones are unusablewaste and

could be used as a raw material to manufacture the bioanode. Two MFCs with

an anaerobic anode single chamber of 125mL were operated independently

using the fabricated bioanode and the carbon felt (conventional anode). Both

MFCs were fed with 1 g/L of pantoprazole as substrate with a chemical

oxygen demand (COD) of 210 ± 1.3 mg/L and 1.2 g of soil as inoculum.

The two MFCs were characterized electrochemically, and the COD removal

percentage was measured as an indicator of the pantoprazole biodegradation.

The results showed that the MFC operated with the bioanode had a better

performance than the conventional anode, since it reached amaximum power

density of 1.22mW/m2, being 156% higher than carbon felt. These values were

consistent with the COD removal percentages reached in 10 days with values

of 47.17 ± 0.23 and 43.34 ± 0.41%, respectively. Therefore, these findings

provide a low-cost alternative carbonaceous material for the sustainable

construction of MFC applied to produce bioenergy from the biodegradation

of pharmaceutical products.
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Introduction

Microbial fuel cells (MFCs) are bioelectrochemical processes that aim to produce

bioenergy (electricity) by using the electrons derived from biochemical reactions

catalyzed by bacteria (Hamouda and El-Naggar, 2021). Generally, the MFC contains

an anode and a cathode, separated by a proton exchange membrane. The anode is

kept under anaerobic conditions (without oxygen) and the cathode under aerobic

conditions (with oxygen from the air). In the anode chamber, bacteria adhere to the

anode, generate electrons by substrate oxidation, and transfer the electrons to the anode
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(Yaqoob et al., 2021). The electrons are transferred to the

cathode across the external circuit. The protons are transferred

across the proton exchange membrane. The electrons and

protons are spent in the cathode chamber, reducing oxygen

to water (Ahmed et al., 2022). The surface characteristics of

the anode directly affect the microbial adhesion and, therefore,

the electrical performance of MFC. Increased specific surface

area and more positive charge on the electrode surface, which

interact with negatively charged bacteria, aid the microbial

adhesion and electron transfer on the anode surface (Yaqoob

et al., 2021). Thus, a material with these characteristics should

be selected to improve the performance of bioenergy production

in the MFC.

Carbon felt, carbon cloth, and carbon brushes are preferred

materials that are used as electrode materials (Isaacs-Páez

et al., 2020). However, they tend to be more expensive in

the MFC, so alternative materials based on biomass are

of interest. Animal waste (bone) has been transformed by

calcination into bone chars. These materials have been explored

as electrode materials for bioanodes in MFC, being selected

due to their high surface area and surface roughness. Both

properties facilitate the bacterial colonization of the anode and

increase the possibility of its attachment to it (Isaacs-Páez

et al., 2020; Aguilera Flores et al., 2021a,b). Bioanodes from

devilfish bone char have been explored to produce bioenergy

from the biodegradation of ibuprofen and carbamazepine in

MFC (Aguilera Flores et al., 2021a,b). In these works, devilfish

bone char bioanodes showed a better MFC performance than

when used carbon felt. MFC with the bioanodes showed higher

bioenergy production and higher substrate biodegradation.

These findings show that these materials must continue to be

studied as low-cost alternative materials to produce bioenergy

from the biodegradation of pharmaceutical products using

MFC technology.

In this context, this work aimed to evaluate the performance

of a bioanode fabricated from devilfish bone char in

pantoprazole biodegradation and bioenergy production.

Pantoprazole is one of the twenty-selling drugs globally. It is a

proton pump inhibitor used in intensive care unit (ICU) patients

to reduce the risk of stress ulcers. In veterinary medicine, it has

been recognized as the most potent suppressor of gastric acid

(Cox et al., 2022). Pantoprazole and other drugs have been listed

as emerging pollutants in the water because they are partially

or inefficiently removed by the conventional technologies

used in wastewater treatment plants. These pollutants are

characterized by being detected at concentrations between 1

ng/L and 1 µg/L, their toxicological significance is difficult to

assess, and accepted concentration limits for drinking water,

wastewater, and treated water have not yet been stipulated

internationally (Gogoi et al., 2018). When these drugs enter

the human body, they could disturb hormonal, enzymatic,

and genetic activities (Hube and Wu, 2021; Neha et al., 2021;

Zhong et al., 2022). In humans, multiple adverse effects are

possible from the consumption of pantoprazole, including

hematologic and electrolyte abnormalities, anaphylaxis, and

edema. Hypomagnesemia is observed in cattle, goats, and

sheep when administered pantoprazole (Smith et al., 2020).

Hence, the presence of pantoprazole in water could cause

health risks. In addition, it should be noted that the authors

have not found reports on the use of MFC technology applied

to the biodegradation of pantoprazole, so its study shows an

opportunity area.

Materials and methods

Raw material

The non-live devilfish samples were provided by fishers from

Usumacinta River, Tabasco, Mexico. Approximately 300 g of

devilfish bones were obtained. The bones were boiled for 1 h

in approximately 1.7 L of a solution of deionized water and

concentrated hydrogen peroxide with a volume ratio of 6:1,

respectively. This step was performed to remove the organic

matter. Then, the bones free of organic matter were put in an

oven at 70 ◦C for 24 h to remove the moisture. Later, devilfish

bones were calcined in an air atmosphere with a flow rate of

15 mL/min at 600 ◦C and a heating rate of 10 ◦C/min for

2 h to obtain a bone char. Finally, the bone char was sieved

to an average particle diameter of 0.79mm and was stored in

refrigeration until use.

Characterization of devilfish bone char
and carbon felt

The specific area of the devilfish bone char and the

carbon felt was determined by nitrogen adsorption using

Micromeritics Mod. ChemiSoft TPx equipment in the relative

pressure range from 0.05 to 0.2 using the BET method. Both

materials were used as electrode materials in the MFC. The

surface morphology of both materials was characterized by

environmental scanning electron microscopy (ESEM) before

and after the bacterial colonization and biofilm formation

during the MFC operation, using an FEI Quanta 250

FEG microscope.

Preparation of the bioanode and carbon
felt

Devilfish bone char was used to fabricate the bioanode. A

mixture of 0.5 g of devilfish bone char, 800mL of Nafion R©,

and 200mL of ethanol was made to obtain an ink. This ink

was adhered on both sides of a stainless-steel mesh with a

square geometric area of 18.58 cm2 (Figure 1A). A total area
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of 37.16 cm2 was considered the electrode projected area. The

same projected area was used for carbon felt. Carbon felt was

thermally treated with a solution of concentrated HNO3 and

30% H2O2 of 1:1 v/v, respectively (Zhao et al., 2018). Carbon

felt was used as reference material for this study since it is a

conventional anode commonly used in MFC.

MFC operation

Two cubic-shaped single-chamber MFCs were constructed

with a total cell volume of 125mL, maintaining the anodic

chamber under anaerobic conditions (Figure 1B). Carbon Cloth

Electrode (with 0.5 mg/cm2 60% Platinum) was used as cathode

with similar geometry to the anodes, Nafion R© as proton

exchange membrane, and the devilfish bone char bioanode and

carbon felt were used as anodes of independent form in each

cell. Stainless steel current collectors were connected by direct

contact on both electrodes. The external circuit was connected to

a constant external resistance of 100�. Each cell was fed with 1

g/L of reagent-grade pantoprazole (substrate), 1.5 g of activated

soil (inoculum), and a potassium phosphate buffer solution to

maintain a neutral pH and fill the cell volume. The soil was

used as inoculum because it contains a bacterial species diversity

(microbial consortium). Some authors have reported its use as

inoculum inMFC since it is easily accessible (Kumar et al., 2016).

The soil was heated at 40 ◦C in approximately 125mL of the

mentioned buffer solution. The heating allowed the activation

of the microorganisms present in the soil sample. Finally, the

cells were operated on for 10 days at room temperature. This

time was determined because the cells showed a lower potential

on this day (day 10) on the day the operation began (day 0).

This potential fall is associated with cell death or a substrate

deficit state where the microorganisms consumed a maximum

substrate amount. Therefore, adding inoculum or substrate

(pantoprazole) is required to maintain or increase the potential

(Lóránt et al., 2019). This study used a batch system where

no extra feeding is used from the beginning to the end of

the process. Hence, the highest percentage of COD removal

achieved in MFC could be associated with the biodegradation

of pantoprazole since this compound was used as the unique

carbon source (feed) for the microorganisms.

MFC electrochemical characterization

The MFC electrochemical characterization was performed

under the electrochemical techniques: linear sweep voltammetry

and electrochemical impedance spectroscopy. The first was

carried out with a scan rate of 0.001 V/s and a potential

range from 0.65 to 0.05V and from 0.60 to 0.05V for the

MFC operated with the devilfish bone char bioanode and

the carbon felt, respectively. These values (0.65 and 0.60V)

corresponded to the maximum potential achieved in the cells

during the operation days. The second one was conducted in the

frequency range of 10 kHz to 0.1Hz with a potential amplitude

of 10mV and was conducted under the open-circuit condition.

The Nyquist plot was fitted with a modified Randles equivalent

circuit using the EIS Spectrum Analyzer program to get the

impedance parameters.

FIGURE 1

Images: (A) devilfish bone char bioanode, (B) MFC with the bioanode.
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COD removal

The COD was measured before and after MFC operation

using a GENESYSTM 10S Vis Spectrophotometer and based on

the test method stipulated by theMexican Standard to determine

the COD in natural water, wastewater, and treated water

(Mexican Standard, 2001). The percentage of COD removal was

calculated by Equation (1).

COD removal (%) =
CODi − CODf

CODi
× 100 (1)

where CODiand CODf are the COD estimated at the beginning

and end of the MFC operation in mg/L.

Results and discussion

Electrode materials properties and
micrographs

Table 1 shows the specific area of the devilfish bone char and

the carbon felt used in this work as electrode materials. Likewise,

data reported for some materials used as anodes in MFC are

shown.

It can be observed that the specific area of the devilfish

bone char calcined in this work (Table 1) is within the range

reported in works previously. Likewise, devilfish bone char

has a specific area from 1.3 to 1.5 times higher than cattle

bone char (Table 1). The properties of the bone char (as a

specific area) depend on various factors, such as heating rate,

calcination temperature, residence time, and purge gas, among

others (Alkurdi et al., 2019). In this work, the calcination

process was performed using an air atmosphere, and the study

of Aguilera Flores et al. (2021a) used nitrogen as a gas purge.

Hence, the nitrogen increased the bone char surface area, being

1.14 times higher.

On the contrary, the calcination process in this study was

performed under specific conditions without searching for the

optimal conditions. Now, a specific area of carbon felt between

0.6 and 3.2 m2/g has been reported (Kaur et al., 2022). The

TABLE 1 Specific area and pore volume of carbonaceous materials

used as electrode in MFC.

Carbonaceous

material

Specific area

(m2/g)

Reference

Devilfish bone char 141 This study

Carbon felt 4.2 This study

Devilfish bone char 136 Aguilera Flores et al., 2021b

Devilfish bone char 161 Aguilera Flores et al., 2021a

Cattle bone char 104 Isaacs-Páez et al., 2020

value shown in Table 1 is 1.3 times higher than the upper value

reported by Kaur et al. (2022). This result is associated with the

treatment applied to carbon felt described in Section Preparation

of the bioanode and carbon felt. However, it is noted that the

specific area of devilfish bone char is approximately 33 times

higher than carbon felt, according to the results obtained in

this study. Hence, it is speculated that devilfish boner char

will perform better than carbon felt when used as bioanode

in the MFC. This condition is attributed to the high specific

area where more bacteria could interact with the material,

aiding the bacterial adhesion and electron transfer on the anode

surface (Yaqoob et al., 2021). Figure 2 shows the micrographs of

the electrode materials obtained before and after the bacterial

colonization of the electrode materials.

Figure 2A shows an irregular and rough structure, which

characterizes the bone chars. Its roughness could provide

more space for bacterial attachment (Isaacs-Páez et al., 2020).

Figure 2B shows the filamentous structure of the carbon

felt. Figures 2C,D show the bacterial colonization and biofilm

formation on the electrodes. It can be noted that biofilm layers

cover the materials.

Electrochemical measures

The output power densities (PD) of the cells are shown

in Figure 3. The PD gradually increased till attaining the peak

with the increase in current density and then decreased for

both cells. The output maximum power densities of the cells

with devilfish bone char and carbon felt were 1.22 and 0.78

mW/m2, respectively. MFC with devilfish bone char showed

a value of 156% higher than MFC with carbon felt. These

results are like those reported in other works where the devilfish

bone char was used as bioanode in MFC to biodegrade other

drugs. When the cells were fed with ibuprofen, MFC with

the bioanode achieved an output maximum power density

of 4.26 mW/m2 (175% higher carbon felt) (Aguilera Flores

et al., 2021b), and with carbamazepine, 5.40 mW/m2 (210%

higher than carbon felt) (Aguilera Flores et al., 2021a). Thus,

the results prove the better performance obtained in the MFC

when the devilfish bone char is used as bioanode, compared

to carbon felt, since a higher power density (bioenergy) is

obtained. It could be associated with the high specific area of the

devilfish bone char where more electrochemically active bacteria

could have the opportunity to adhere to the bioanode forming

the biofilm.

On the one hand, some authors reported a power density

value of 0.119 mW/m2 in an MFC using PANi@CNTs/SS as

bioanode to biodegrade 10 mg/L of ibuprofen at 40 h (Xu et al.,

2018). This value is 10.25 times lower than obtained in this work

when devilfish bone char is used as bioanode. On the other

hand, other authors reported a value of 29.12 mW/m2 to treat

pharmaceutical sewage using MFC at 5 h (Chang et al., 2018).
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FIGURE 2

Scanning electron micrographs: (A) devilfish bone char, (B) carbon felt, (C) biofilm formed on char devilfish bone char, and (D) biofilm formed

on carbon felt.

This value is 23.86 times higher than this work. Multiple factors

make these differences because each cell is operated with designs

and configurations different (type and amount of inoculum

and substrate, type of electrode materials, and cell volume,

among others).

The Nyquist plots are shown in Figure 4. The experimental

spectra fit into a modified Randles equivalent circuit to

quantitatively estimate the impedance data. The equivalent

circuit consisted of a solution resistance (Rs) with two

circuits connected in series. The first one composes of the

film capacitance (Cf) connected in parallel with the film

resistance (Rf) and Warburg diffusion resistance (Zw). The

second one comprises the double-layer capacitance (Cdl)

connected in parallel with the charge transfer resistance

(Rct). Impedance data settings of the MFC are shown in

Table 2.

Rs is associated with the electrical contacts and solution

resistances. The values of Rs were very similar for both cells.

These values could be considered higher than those reported

by other authors (Aguilera Flores et al., 2021a,b). However,

these resistances could be decreased by improving the cell

architecture. The distance between the anode and the cathode

could be reduced. Now, MFC with devilfish bone char bioanode

had a value of Zw 1.25 times higher carbon felt, which means
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FIGURE 3

Power and polarization curves of the MFC: (A) devilfish bone char bioanode, (B) carbon felt (Dotted line, power curve; solid line, and polarization

curve).

FIGURE 4

Nyquist plots of the MFC: (A) devilfish bone char bioanode, (B) carbon felt (Dotted line, experimental curve; solid line, and fitting curve).

TABLE 2 Impedance setting of the MFC.

MFC Rs (kΩ) Cf (µF) Rf (kΩ) Zw (kΩ) Cdl (µF) Rct (kΩ)

Devilfish bone char bioanode 0.369 6.750 0.863 4.408 80.282 1.441

Carbon felt anode 0.361 2.613 1.378 3.526 91.862 2.405

that the resistance offered by the system due to the diffusion of

species to the interface is higher when used bioanode.

Nevertheless, MFC with carbon felt had Cdl 1.14 times

higher value than devilfish bone char bioanode. These values

reflect the electrochemical double-layer capacitance at the

biofilm surface, where MFC with carbon felt stores more energy.

Depending on film thickness and ion mobility, Rf and Cf

are multilayer resistance and capacitance. Although MFC with
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TABLE 3 E�ciencies of COD removal in MFC.

Anode Substrate Concentration

(g/L)

Operation

time (days)

COD removal

(%)

Reference

Devilfish bone char Pantoprazole 1.000 10 47* This study

Carbon felt Pantoprazole 1.000 10 43* This study

Devilfish bone char Ibuprofen 0.050 14 44 Aguilera Flores et al., 2021b

Carbon felt Ibuprofen 0.050 14 32 Aguilera Flores et al., 2021b

Devilfish bone char Carbamazepine 0.050 11 84 Aguilera Flores et al., 2021a

Carbon felt Carbamazepine 0.050 11 75 Aguilera Flores et al., 2021a

Carbon brush Steroidal drug 6.720 3 82 Liu et al., 2012

Unspecified Trimethoprim, Lamivudine,

Levofloxacin, and Estrone

0.002 210 96 Sharma et al., 2021

*The values shown correspond to rounded numbers of the average value and standard deviation (47.17± 0.23 and 43.34± 0.41%) obtained in triplicate for each cell.

devilfish bone char showed a higher value of Cf (2.58 times) and

a lower value of Rf (1.60 times) than carbon felt, the Rct of the

MFC with carbon felt is 1.67 times higher than devilfish bone

char bioanode, so the last one is more conductive, transferring

the electrons from anode to cathode more easily. This issue

is proved with the maximum power densities obtained so that

MFC with devilfish bone char showed a value of 156% higher

than carbon felt.

COD removal e�ciency

Table 3 shows the efficiencies of COD removal obtained in

this work and other studies. Both cells had an initial value of

210 ± 1.3 mg/L, achieving, after 10 days, the COD removal

efficiencies shown in Table 3. The COD removal efficiency using

devilfish bone char bioanode was slightly higher (1.09 times)

than carbon felt. The reduction in COD suggests that the

bacteria used pantoprazole as a carbon source and produced

bioenergy from its biochemical reactions (Hamouda and El-

Naggar, 2021).

The chemical structure of pantoprazole, ibuprofen,

and carbamazepine is C16H15N3F2O4S, C13H18O2,

and C15H12N2O, respectively. Microorganisms perform

biodegradation by breaking down these complex organic

compounds into simpler molecules like carbon dioxide

and water (Nyirenda et al., 2020). However, as already

mentioned, the used inoculum type is essential since the

microorganisms have an affinity for different substrates to be

used as carbon sources.

Some authors reported COD removal efficiencies higher

than this work (Liu et al., 2012; Sharma et al., 2021). These

differences are associated with the used substrate amount and

cell operation time. Liu et al. (2012) used an amount of substrate

6.72 times higher than this work. However, the MFC was

operated on for 3 days. Sharma et al. (2021) operated the MFC

for 200 days more than this study.

Nevertheless, they used an amount of substrate 500 times

lower than this study (Table 3). Therefore, it is not easy to

compare the performance of different MFC. The authors suggest

that a comparison could be made by relating the fraction of

electrical energy generated in the MFC to the biodegradation of

a determined substrate (Luo et al., 2010).

An analysis of the final concentration of pantoprazole

by HPLC resided outside the scope of this study. However,

this work’s bioenergy production and COD removal suggest

pantoprazole biodegradation. The authors reported that

ibuprofen and carbamazepine biodegradation efficiencies of 34

and 78% corresponded to 44 and 84% COD removal (Aguilera

Flores et al., 2021a,b). Taking the values and analogy with the

value of COD removal obtained in this work, a pantoprazole

biodegradation efficiency in the range of 40–50% would be

expected using devilfish bone char bioanode in the MFC. The

three studies used activated soil as inoculum, having a microbial

consortium. Therefore, the bacteria present in the soil mainly

use carbon source carbamazepine, pantoprazole, and ibuprofen.

Substrate, inoculum, and electrode types are essential factors

determining MFC performance. Therefore, the study of testing

other inoculum, substrates, and electrodes to improve MFC

performance is still an area of opportunity. However, it is

shown in this work that it is possible to achieve the bioenergy

production from the pantoprazole biodegradation in the MFC

operated and even demonstrates that low-cost alternative

materials like devilfish bone char can be used as bioanodes.

Conclusion

Devilfish bone char showed morphological and textural

properties suitable for bacterial colonization and biofilm

formation on their surface. This material had a better

performance when used as bioanode than carbon felt

(conventional anode) in MFC. The cell with devilfish bone

char bioanode showed a maximum power density of 1.22

mW/m2 (156% higher than carbon felt) and a COD removal
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percentage of 47.17 ± 0.23% (109% higher than carbon

felt) in 10 days, using pantoprazole as substrate. Therefore,

these findings confirm the use of devilfish bone char as low-

cost carbonaceous materials employed as bioanodes for the

sustainable construction of MFC applied to produce bioenergy

from the biodegradation of pharmaceutical products.
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