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Abstract

A sequential anode-cathode double-chamber microbial fuel cell (MFC) is a promising 

system for simultaneously removing contaminants, recovering nutrients and producing energy 

from swine wastewater. To improve sulfonamide antibiotics (SMs)’s removal in the 

continuous operating of MFC, one new pomelo peel-derived biochar was applied in the anode 

chamber in this study. Results demonstrated that SMs can be absorbed onto the heterogeneous 

surfaces of biochar through pore-filling and π-π EDA interaction. Adding biochar to a certain 

concentration (500 mg/L) could enhance the efficiency in removing sulfamethoxazole, 

sulfadiazine and sulfamethazine to 82.44 - 88.15%, 53.40 - 77.53% and 61.12 - 80.68%, 

respectively. Moreover, electricity production, COD and nutrients removal were improved by 

increasing the concentration of biochar. Hence, it is proved that adding biochar in MFC could 

effectively improve the performance of MFC in treating swine wastewater containing SMs. 

Keywords: Sulfonamide antibiotics, swine wastewater, microbial fuel cell, biochar, 

adsorption

1. Introduction

As one of the common classes of veterinary medicine, sulfonamide antibiotics (SMs) are 

widely utilized in the swine industry to prevent diseases and promote the growth of pigs (Pan 

et al., 2011). However, high levels of SMs were excreted by pigs in unchanged form and/or 

their metabolites through their faeces and urine (Pan et al., 2011). It is no doubt that swine 

wastewater now constitutes an important source of antibiotics in the environment. In addition, 

high levels of antibiotics have been detected in the aquatic and terrestrial environments near 

the swine farms. Occurrence and accumulation of antibiotics in the environment can cause the 

generation of antibiotic-resistant bacteria and antibiotic-resistant genes, which could seriously 

endanger the health of people and the eco-environment (Michael et al., 2013). Thus, it is 

urgent to develop appropriate methods to eliminate antibiotics from swine wastewater. 
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A series of methods including biological treatment, chlorination, ozonation, membrane 

filtration and adsorption have been investigated for removing SMs from swine wastewater 

(Derakhshan et al., 2016). For practical applications, biological treatment is a preferred 

technology due to its advantages of being environmentally friendly and cost effective 

(Grandclément et al., 2017). In recent years, microbial fuel cell (MFC) technology has 

become a research favorite due to its wastewater treatment ability and simultaneous 

bioelectricity production. Organic pollutants in wastewater can be converted into electricity 

by utilizing microorganisms as biocatalysts (Logan et al., 2006). Higher removal efficiency of 

SMs in closed circuit MFC system than in its corresponding open circuit system has been 

reported recently (Hu et al., 2020). Although high removal efficiencies of SMs could be 

achieved in batch running mode of the MFC, their removal in the continuous flow operation 

of the MFC was limited. According to our pre-experiment, the sequential anode-cathode 

double-chamber MFC could enhance the removal efficiency of SMs by further aerobic 

degradation in the cathode chamber. In contrast, the average removal efficiencies for 

sulfamethoxazole (SMX), sulfadiazine (SDZ) and sulfamethazine (SMZ) during the running 

period were only 53.95 %, 15.23% and 18.34%, respectively. The predicated reason for the 

low removal efficiencies of SMs in the continuous flow MFC system was mainly attributed 

to: firstly, the inhibition of SMs to the specific SMs degrading microorganisms in both the 

anode and cathode chambers; and secondly, the retransformation of their degradation products 

to the parent substance (Tran et al., 2016). For the practical application of the MFC in swine 

wastewater treatment, it is critical to reduce the antibiotics’ effect on the performance of the 

MFC and enhance the removal efficiency of SMs in the MFC system’s continuous flow. 

Biochar is a microporous and low-cost carbon material, which can be used as adsorbents 

for removing antibiotics from wastewater. Additionally, biochar could be used as biocarrier to 

support the growth of microorganisms in the bioreactor owing to the porous structure and 

specific surface area (Shanmugam et al., 2018). Hence, the addition of biochar in the MFC 
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system is a promising method to improve the removal of antibiotics through the combined 

contribution of adsorption and biodegradation. However, a study on the application of biochar 

in the MFC bioreactor to stimulate the removal of SMs for purifying swine wastewater has 

yet been done. In the present research, different dosages of biochar that derived from pomelo 

peel were added into the anode chamber of the MFC to investigate their potential for 

improving SMs removal in a continuous flow MFC system. The effect of adding biochar to 

the MFC in terms of electricity production, COD and nutrients removal from swine 

wastewater was also examined. 

2. Materials and methods

2.1 Materials

Selected sulfonamide antibiotics (including sulfamethoxazole (SMX), sulfadiazine 

(SDZ) and sulfamethazine (SMZ)), organic solvents and other chemicals employed in this 

study were purchased from Sigma-Aldrich (Australia). Synthetic swine wastewater was 

prepared based on the composition of swine wastewater mentioned in one of previous study 

(Xu et al., 2019), with the main composition of glucose (3000 mg/L COD), NH4Cl (446 

mg/L), KH2PO4 (132 mg/L), MgSO4·7H2O (54 mg/L) and CaCl2·2H2O (4 mg/L). The MFC’s 

anode chamber was cultivated by anaerobic sludge derived from a pilot-scale anaerobic 

digester in the laboratory. A new pomelo peel-derived biochar was developed and used in the 

current study, which has a large surface area (2457.37 m2/g) and total pore volume (1.14 

cm3/g). Detailed methods for the biochar preparation and activation were described in one of 

our previous studies (Cheng et al., 2020b). 

2.2 Experiment setup and operation

Firstly, batch experiments were done to investigate the adsorption behavior of SMX, 

SDZ and SMZ onto biochar simultaneously. The prepared biochar (100 mg/L) samples were 

added to flasks (50 ml) with the SMs concentration of 100 μg/L for each, and samples were 
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collected at 10 min, 30 min, 60 min, 120 min, 240 min, 360 min, 540 min and 720 min, 

respectively, until the adsorption reached equilibrium at 720 min. To investigate the 

adsorption isotherm, the concentrations of SMs varied from 50 μg/L to 500 μg/L. After 

reaching the adsorption equilibrium (56 h), the residual concentrations of SMs were 

measured. Flasks for all the above experiments were shaken at 120 rpm in a temperature 

controlled orbital shaker at 25 ℃, and all the solution pH was kept at 7.0 ± 0.5.

A sequential anode-cathode double-chamber MFC was applied in this study, and each 

chamber had the effective volume of 350 ml. A CEM membrane served to separate the anode 

and cathode chamber. A graphite felt and a carbon-fiber brush were used as electrodes in the 

anode and cathode chamber, respectively, and they were connected by a copper wire with 

external resistance of 1000 Ω. During the start-up period, the inoculated sludge was 

acclimated in the anode chamber with synthetic swine wastewater without antibiotics being 

added. A high COD removal efficiency (>90%) and a stable voltage production were 

achieved after 30 days operation of the MFC.  SMX, SMZ and SDZ (100 μg/L for each) were 

then directly added into the synthetic swine wastewater simultaneously. During the whole 

experiment, the mixed liquor suspended solids (MLSS) concentration were around 5000 mg/L 

and 750 mg/L in the anode and cathode chamber, respectively, and the HRT was kept at 24 h 

under room temperature (around 25 °C). To study the effect of biochar dosage on the MFC’s 

performance, different concentrations of biochar were added into the anode chamber in phase 

1 (100 mg/L), phase 2 (200 mg/L) and phase 3 (500 mg/L), respectively. After each phase (7 

days), the addition of SMs into the feeding swine wastewater was stopped for two days. The 

entire experimental process was operated under the same conditions.

2.3 Analytical methods

All water samples were filtered with a 0.2 μm filter (Merck Millipore, Burlington, USA) 

before testing. The concentrations of SMX, SMZ and SDZ in the collected samples were 

determined by using triple quadrupole liquid chromatograph mass spectrometer (LCMS-8060, 
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Shimadzu). Details regarding the method are described in our previous study (Cheng et al., 

2020a). MLSS, COD, NH4
+-N and PO4

3--P were analysed according to the standard method. 

The pH was measured using a portable multiparameter meter (6173 pH, Jenco Instruments 

Co. Ltd., USA). The DO concentration in the cathode chamber, which was maintained at 6 

mg/L during the operational period, was monitored through a DO meter (OM-51, Horiba, 

Tokyo, Japan). The reactor’s generated voltage was detected by a universal digital meter 

(VC86E, Shenzhen City Station Win Technology Co. Ltd., Shenzhen, China). All samples 

were analysed in duplicate and mean values were presented.

3. Results and discussion

3.1 Adsorption behavior of SMs onto biochar

The adsorption capacities of SMX, SMZ and SDZ onto biochar are displayed in Fig. 1 

(a). As shown in Fig. 1 (a), the adsorption can reach equilibrium in 540 min, and a rapid 

adsorption could occur in 60 min. The equilibrium adsorption capacities of SMX, SMZ and 

SDZ onto the biochar were around 831.85, 857.39 and 671.32 μg/g, respectively. Zhang et al. 

(2020) indicated that the maximum adsorption capacities of SDZ and SMX onto a spent 

coffee grounds derived biochar were 121.5 μg/g and 130.1 μg/g after reaching the equilibrium 

at 72 h. Thus, the pomelo peel derived biochar used in this study with equilibrium time of 540 

minutes was a promising adsorbents for sulfonamide antibiotics. By comparing the adsorption 

kinetic parameters, the pseudo-second order mode emerged as being more appropriate for 

describing the adsorption process with: firstly, a high correlation coefficients value (R2=1); 

and secondly, consistency between the calculated (qe
c) and experimental adsorption capacities 

(qe
b) for SMs onto the biochar (Fig. 1 (a) and Table 1). These agreed with previous studies on 

the adsorption of SMs onto other types of biochar (Ahmed et al., 2017). It further indicated 

that the adsorption rate was determined by the square of the adsorption site vacancies on the 

biochar surface and the adsorption process was controlled by chemisorptive mechanisms. 

ine

ibing

paramet

th

s a omisi

pom

ng

bbioch

lo ppe

ximum

rr wer

und

adso

he equilib

5, 85

n rea

m a

SDZ o

ch equili

onto ocha

 All 

ete

samples



7

Fig.1 (b) shows the adsorption isotherm of SMs onto the biochar. Comparatively, the 

experimental data exhibited a higher correlation with the Freundlich mode with the 

correlation coefficients R2 ranging from 0.981 to 0.998, indicating that the adsorption process 

probably took place on the biochar’s heterogeneous surfaces. 1/n is a Freundlich constant, the 

value of 1/n presents the intensity of adsorption. 1/n values from 0.1 to 1 indicate favorable 

adsorption. As shown in Table 1, the 1/n value (<1) suggested that the adsorption of SMs onto 

the biochar was a favourable process. Considering the high surface area and pore volume of 

the biochar used in the present study, the favorable adsorption between SMs and the biochar 

could be caused by the pore-filling effect. The π-π electron donor acceptor (EDA) interaction 

was also a potential mechanism for the biochar’s adsorption of SMs, due to the graphitic 

surface of the biochar and the amino functional group of SMs (Peiris et al., 2017). 

3.2 Removal of SMs in the MFC with a biochar dosage

The overall removal of SMs during the MFC operating period with the addition of 

different concentrations of biochar is depicted in Fig. 2 (a). According to the pre-experiment, 

the removal efficiencies of SMX, SDZ and SMZ in the MFC without the addition of biochar 

were 49.35-59.37 %, 13.98-16.31% and 16.75-19.45%, respectively. By adding 100 and 200 

mg/L of biochar in the anode chamber, the SMX removal efficiencies rose to 55.06-68.73% 

and 71.58-85.53% respectively. In contrast, a higher and more stable removal efficiency of 

SMX (82.44-88.15%) could be achieved when a further increase in the biochar concentration 

to 500 mg/L occurred, which was comparable with SMX removal in other biological 

processes. For instance, as reviewed by Chen and Xie (2018), the removal efficiency of SMX 

was around -463 - 72% in various full-scale wastewater treatment plants, 90 - 100% in MBR, 

0 -75% in lab-scale activated sludge systems, and 34.4% in a sulfate-reducing up-flow sludge 

bed reactor. 

By contrast, decrease trends were observed for the removal efficiency of SDZ and SMZ 

by adding 100 and 200 mg/L of biochar, although their removal efficiencies did largely 
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improve in the present study (Fig. 2 (a)). The accumulation of SDZ and SMZ in the reactor 

may attribute to the toxic effect of coexistence of multiple SMs and/or their degradation 

intermediates on the microorganisms responsible for the degradation. Moreover, the reduction 

potential required in the degradation of SMZ is higher than that of SMX, which makes SMZ 

difficult to biodegrade (Han et al., 2020). It is noted that the accumulation of SDZ and SMZ 

in the reactor was alleviated by the dosage of 500 mg/L biochar, with relatively high removal 

efficiencies for SDZ (53.40 - 77.53%) and SMZ (61.12-80.68%). This result suggested that 

the removal efficiency of SMs in the MFC could be greatly improved when the addition of 

biochar in the anode chamber reached a certain level. The enhanced removal of SMs in the 

MFC with biochar added was partly due to the adsorption of SMs onto the biochar, 

considering the favorable adsorption process as mentioned in section 3.1. Additionally, the 

porous biochar used in this study could act as a microbial carrier, which could form a biofilm 

on the surface of biochar as time passes (Sunyoto et al., 2016). This phenomenon could 

enhance the activity of microorganisms and then improve the removal of SMs through 

biodegradation (Mumme et al., 2014). The inhibitive effect of SMs on microorganisms can be 

reduced due to the fast adsorption of SMs onto the biochar as observed in the above batch 

adsorption experiment. Consequently, it is important to investigate the relationship between 

the biochar and the activity of microorganisms.

During the stable operating period of the MFC with the dosage of biochar (500 mg/L), 

the respective contribution of the anode and cathode compartments of the MFC to the removal 

of SMs from swine wastewater was monitored and presented in Fig. 2 (b). As observed in Fig. 

2 (b), SMs could be degraded in both the anode and cathode chambers. In the cathode 

chamber, the removal of SMs through air stripping and volatilization was impossible due to 

their polarity and very low Henry constants, suggesting that the further removal of SMs in the 

cathode chamber was attributed to aerobic degradation (Li & Zhang, 2010). This finding 

agrees with previous analyses on the biodegradability of SMs in both aerobic and anaerobic 
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conditions (Chen & Xie, 2018). In the present study, the average removal efficiencies of 

SMX, SDZ and SMZ in the anode chamber with the addition of biochar (500 mg/L) were 

77.21%, 46.7% and 51.78%, respectively, which accounts for the major part of their total 

removal. These figures confirmed the positive effect of adding biochar for removing SMs in 

the MFC.

3.3 Performance of the MFC with biochar addition

The average daily voltage generation in the MFC with different concentrations of 

biochar has been presented in Fig. 2 (c). It was observed that the voltage production was 

stable during the operational period and enhanced by increasing the biochar concentration 

from 100 mg/L to 500 mg/L. The highest daily average voltage generated in in this study was 

650 mV when the biochar concentration reached 500 mg/L in the MFC, which was 

comparable to previous reports about the electricity produced from swine wastewater in 

MFCs (Min et al., 2005). Any improvement in electricity generation in the MFC with the 

presence of biochar might be due to biofilm formation on the surface of biochar and the 

increase in conductivity of electrodes’ surfaces in the MFC (Ayyappan et al., 2018; Hejazi et 

al., 2019).

The organic matter and nutrients removal efficiency was monitored during the MFC’s 

operating period. As shown in Fig. 2 (d), COD could be effectively and the average removal 

efficiency of COD rose from 93.08% to 95.88% by dosing 100 mg/L of biochar in the reactor, 

which was further increased to > 98% when 200 mg/L and 500 mg/L of biochar were added. 

By contrast, the removal of nutrients in the MFC revealed little change when the 

concentrations of biochar were 100 mg/L and 200 mg/L in the reactor, which then slightly 

increased after the dosage of biochar increased to 500 mg/L. From Fig. 2 (d), it is observed 

that the average removal efficiencies of NH4
+-N and PO4

3--P increased from 63.33% to 

65.67% and 26.08% to 27.19% after the addition of 500 mg/L of biochar. This small increase 

in the removal of COD and nutrients could be attributed to the absorption removal of 
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microbial inhibitors (SMs), which further enhanced the ability of microorganisms to absorb 

more carbon sources and nutrients (Masebinu et al., 2019). The similarity of adding biochar to 

the performance of bioprocesses was also noted by dosing the apple tree-derived biochar into 

activated sludge processes (Kim et al., 2020). Accordingly, the removal of NH4
+-N and PO4

3--

P in the sequential anode-cathode operating mode of the MFC was mainly due to the recovery 

through air stripping and struvite crystallization under an alkaline environment (pH = 8.2 - 

8.6) in the cathode chamber (Ye et al., 2019). It is found in this study that the addition of 

biochar in the MFC system has little effect on the recovery of nutrients from swine 

wastewater.

4. Conclusions 

The addition of pomelo peel-derived biochar in the continuous flow MFC could 

efficiently enhance its performance for treating SMs, COD and nutrients in swine wastewater. 

Adsorption kinetic and isotherm results suggested that SMs were absorbed on the 

heterogeneous surfaces of the biochar thorough pore-filling and π-π EDA interaction 

mechanisms. The removal efficiency of SMs in the MFC can be improved by the dosage of 

biochar, probably due to the combined effect of adsorption and biodegradation. The COD and 

nutrients removal, as well as electricity production of the MFC were improved with a direct 

dose of biochar into the MFC.  
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Figure Captions

Fig. 1 The adsorption kinetic (a) and isotherm (b) of SMX, SMZ and SDZ onto biochar. 

Fig. 2 The removal efficiency of SMs in MFC with the addition of different concentrations 

of biochar (a); the average removal efficiency of SMs in the anode and cathode chamber of 

MFC, respectively (b) (500 mg/L of biochar); the average daily voltage generation (c) and 

COD and nutrients removal efficiency (d) in MFC with different concentrations of biochar.

Table Captions 

Table 1. Sorption coefficients of SMs onto biochar evaluated by Pseudo second-order and 

Freundlich models

Fig. 1 The adsorption kinetic (a) and isotherm (b) of SMX, SMZ and SDZ onto biocharig. 1 The adso

econd-order

b
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Fig. 2 The removal efficiency of SMs in MFC with the addition of different concentrations 

of biochar (a); the average removal efficiency of SMs in the anode and cathode chamber of 

MFC, respectively (b) (500 mg/L of biochar); the average daily voltage generation (c) and 

COD and nutrients removal efficiency (d) in MFC with different concentrations of biochar.reemoval eff

mg/L off

oval 

s in M
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Table 1. Sorption coefficients of SMs onto biochar evaluated by Pseudo second-order and 
Freundlich models

SMX SDZ SMZ
qe

b 831.85 671.32 857.39
Pseudo second-order model �� = �2�2	 �1 + �2�	�
qe

c 833.95 673.58 864.01
K2 4.69 × 10−4 1.73 × 10−4 3.09 × 10−4

R2 1 1 1
Freundlich model �	 = �
�1 �	
Kf 288.04 157.17 396.35
1/n 0.33 0.42 0.29
R2 0.981 0.998 0.996

 qt and qe (μg/g) are the adsorption capacity at time t (min) and equilibrium; k2 is the rate 

constants of the pseudo-second-order; ce (μg/L) is the equilibrium concentration of SMs in 

solution; KF (μg(1−n)Ln/g) is Freundlich affinity coefficient indicating adsorption capacity; 1/n 

presents the adsorption intensity. y

ce (μg/L

h affin

) is t

8
e t (min)

9

09 × 
1

 10
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