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Abstract 

Swine wastewater is an important source of antibiotics in the environment due to 

their large-scale application in swine industry. High levels of antibiotics in swine 

wastewater have become an increasing global concern considering their potential risks to 

the environment, human and animal health. The integration of biochar and microbial fuel 

cell (MFC) is a promising technology for the treatment of swine wastewater containing 

antibiotics and producing electricity simultaneously. The aim of this study is to 

investigate the potential of a specific integrated biochar-MFC system to treat swine 

wastewater containing antibiotics. In this scenario, it is necessary to identify the removal 

process and mechanism of antibiotics in the anaerobic sludge that used in the anode 

chamber of MFC. Through a series of batch experiments, the results indicated that the 

removal of tetracycline antibiotics (TCs) in the anaerobic sludge contributed to the 



 

xv 
 

biosorption of sludge, while biodegradation was responsible for the removal of 

sulfonamide antibiotics (SMs). The adsorption data of TCs in anaerobic sludge fitted well 

with the pseudo-second order kinetic and the Freundlich isotherm modes, which 

suggested a heterogeneous chemisorption process. Cometabolism was the main 

mechanism for the biodegradation of SMs and the process fitted well with the first-order 

kinetic model. Microbial activity in the anaerobic sludge might be curtailed due to the 

presence of high concentrations of SMs.  

The performance of a double-chamber MFC for treating swine wastewater with the 

addition of different concentrations of SMs was investigated under the anode self-

circulation operating condition of MFC. It is observed that chemical oxygen demand 

(COD) could be effectively removed (>95%) and almost not affected by the presence of 

SMs in MFC. A stable output of voltage was also observed. The removal efficiency of 

sulfamethoxazole (SMX), sulfadiazine (SDZ), and sulfamethazine (SMZ) in the MFC 

was in the range of 99.46% to 99.53%, 13.39% to 66. 91% and 32.84% to 67.21%, 

respectively, which were higher than those in a traditional anaerobic reactor with 97.45% 

- 98.89% for SMX, 11.96% -31.24% for SDZ and 23.85% - 33.49% for SMZ. The 

biodegradation process of SMs in MFC was fitted to the first-order kinetic model. Hence, 

MFC revealed strong resistance to antibiotic toxicity and high potential for the treatment 

of swine wastewater containing antibiotics.  

 For industrial application of the MFC in the treatment of swine wastewater 

containing antibiotics, the MFC was conducted in continuous operating modes under 

different conditions. Voltage can also be successfully generated during the continual 

operation with the maximum value of ~550 mv. Effective removal of COD can be 

achieved in both single continuous (>80%) and sequential anode-cathode (> 90%) 

operating modes. Nutrients can also be removed in the cathode chamber of the MFC with 

the maximum removal efficiency of 66.62% for NH4
+-N and 32.1% for PO4

3--P. The 

removal efficiency of SMs under the sequential anode-cathode operating mode of MFC 

was around 49.35% - 59.37 % for SMX, 16.75% - 19.45% for SMZ and 13.98% - 16.31% 

for SDZ, respectively. The inhibition of SMs to pollutants’ remove in both chambers of 

MFC was observed after SMs exposure, suggesting that SMs exert toxic effects on the 

microorganisms. Moreover, a positive correlation was found between the higher NH4
+-N 

concentration used in this study and the removal efficiency of SMs in the cathode chamber. 

Results suggest that it is feasible to use the continuous anode-cathode MFC to treat swine 

wastewater with antibiotics, while the removal efficiency of antibiotics required to be 
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further improved.  

The addition of biochar into the MFC is a promising method for enhancing the 

removal of antibiotics in continuous flow MFC. Biochar adsorption is an effective method 

for the removal of antibiotics from wastewater with advantages of low cost, easy 

production and environmentally friendly. A new pomelo peel derived biochar was 

developed in this study. The biochar activated by KOH displayed a large surface area 

(2457.37 m2/g) and total pore volume (1.14 cm3/g). SMs are favorable absorbed onto the 

heterogeneous surfaces of biochar thorough pore-filling and π-π electron donor–acceptor 

(EDA) interaction. The biochar’s addition to a certain concentration (500 mg/L) could 

enhance the removal efficiency of SMX, SDZ and SMZ to 82.44% - 88.15%, 53.40% - 

77.53% and 61.12% - 80.68%, respectively. Moreover, the electricity production and 

COD removal were increased by increasing the concentration of biochar. The improved 

performance of MFC could be due to the role of porous biochar as an adsorbent and 

biocarrier of the growth of microorganisms. 

 

Keywords: Swine wastewater; Antibiotics; Adsorption; Biodegradation; Microbial fuel 

cell; Electricity generation, Organic removal; Nutrients removal. 
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1.1 Research background 
With the global growth of pork consumption, conventional small pig farms are 

expanding rapidly into intensive large pig farms, resulting in more and more swine 

wastewater being discharged from pig farms. It is reported that more than 460 million 

tons of swine wastewater were generated in 2011 in China (Liu et al., 2016). Since the 

early 1950s, a variety of antibiotics have been used in livestock farms for disease control 

and growth promotion (Sarmah et al., 2006). In the U.S., approximately 88% of growing 

pigs receive antibiotics in their feed to prevent disease and promote growth, in 2011 the 

Food and Drug Administration reported that about 29.9 million pounds of antibiotics were 

used on farm animals (Leavey-Roback et al., 2016; Wang & Wang, 2016). It is reported 

that the consumption of antibiotics could increase by 67% globally and nearly double in 

Brazil, Russia, India, China, and South Africa, between 2010 and 2030 (Van Boeckel et 

al., 2015). However, antibiotics are poorly absorbed by pigs, and most of them are not 

completely metabolized; about 70% - 90% are excreted through faeces and urine in 

unchanged forms or as metabolites (Massé et al., 2014). As reported elsewhere, the 

normalized daily excretion mass of antibiotics from a pig was estimated to be 18.2 mg/day 

(Zhou et al., 2011). Figure 1.1 shows the pathway of antibiotics from swine farms to the 

environment. Thus, the swine wastewater is a significant source of antibiotics in the 

environment. Tetracycline and sulfonamide antibiotics are the most common antibiotics 

used in swine production worldwide, with the concentrations up to 685.60 and 324.4 μg/L, 

respectively (Kim et al., 2013).  
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Figure 1.1 Pathway of antibiotics from swine farms to the environment 

 

The presence of these antibiotics in the environment can cause serious risk to human 

health and eco-environmental security (Singh et al., 2019). Previous reports indicated that 

antibiotics had toxic effects on the microbial structure, growth, respiration and enzyme 

activity of aquatic microorganisms, including proteobacteria, cyanobacteria, algae, 

daphnia and fish (Brandt et al., 2015; Välitalo et al., 2017). The toxicity of antibiotics can 

be affected by their concentrations, exposure time, aquatic species and the co-occurrence 

of other antibiotics and/or other contaminants (Grenni et al., 2018). As concluded by 

previous researches, the antibiotics mixture could arise much stronger toxicological risk 

to the aquatic organisms than individual compounds (Du et al., 2017; Magdaleno et al., 

2015; Välitalo et al., 2017; Yan et al., 2013). Moreover, long-term exposure to low doses 

of antibiotics in the environments exerts a selective pressure on autochthonous bacterial 

communities, which not only poses a threat on organisms, but also contributes to the 

development of antibiotic resistant bacteria (ARB) and antibiotic resistant genes (ARGs) 

(Martínez, 2008; Yan et al., 2013). ARB and ARGs are regarded as emerging pollutants, 

and their presence in the water environment has become an increasing global concern 

(Zhang et al., 2009). ARGs encoding resistance to a broad range of antibiotics have 

been detected in the water environment, especially in the water impacted by swine 

wastes (Anthony A et al., 2018; Sapkota et al., 2007; Tao et al., 2010). ARGs in surface 

water and soils (fertilized or irrigated by swine wastewater) can leach into groundwater 
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(Heuer et al., 2011; Sapkota et al., 2007). ARGs can transfer among different bacteria 

through horizontal gene transfer. Eventually, ARGs in the environment can easily 

transfer to both human and animal pathogens, creating a severe health risk to both human 

and animals by greatly limiting the antibiotics used to treat the infectious diseases (Ma et 

al., 2018). Such antibiotic resistance is a huge threat to human and animals when common 

infectious diseases were untreatable. As reported by the United State Centre for Disease 

Control and Prevention (US CDC), about 2 million people infected by antibiotic resistant-

bacteria annually, resulting in at least 23000 death per year. In Europe, the death number 

caused by antibiotic resistance was up to 25,000 each year according to the reports by the 

European Centre for Disease Prevention and Control (ECDC). If antibiotic-resistant 

infections are not tackled, 10 million people could die every year worldwide by 2050 

(O’Neill, 2014).  

Therefore, the proper treatment of swine wastewater containing antibiotics is 

significant to protect the environment and human health. Currently, biological treatments 

are the most widely used technologies to treat swine wastewater, including aerobic and 

anaerobic processes (Liu et al., 2009). As the world's resource and energy crisis continues 

to intensify, it is a new trend to transform the operation of wastewater treatment plants 

into a sustainable model, such as low energy consumption, energy and resources recovery 

from wastewater. Anaerobic biological treatment is an advisable option for treating high-

strength wastewater containing antibiotics in comparison with aerobic treatment. The 

former treatment method has certain advantages, for example, biogas production, less 

waste sludge production and lower energy costs (Angelidaki et al., 2003; Chen et al., 2011; 

Cheng et al., 2018b). The biogas generated during anaerobic digestion could serve as an 

attractive source of renewable energy to replace fossil fuel, while the digestate can serve 

as a fertilizer on farmland. However, biodegradation of antibiotics in conventional 

anaerobic digestion processes - even other modern high-rate anaerobic reactors like up-

flow anaerobic sludge blanket (UASB) and anaerobic sequencing batch reactor (ASBR) 

is limited (Cheng et al., 2018b). Anaerobic membrane bioreactors (AnMBRs) are a one 

of the potential methods for the treatment of wastewater containing antibiotics owing to 

their advantages over conventional anaerobic processes, which include a high degradation 

capacity of anaerobic microorganisms, longer SRT, and better effluent qualities (Cheng 

et al., 2018b; Ozgun et al., 2013). Previous reports have indicated that AnMBRs are 

promising technologies for degrading common organic pollutants and emerging 

antibiotics in wastewater under optimal conditions (Chen et al., 2018; Xiao et al., 2017). 
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Nonetheless, the widespread application of AnMBRs in wastewater treatment is still 

restricted by membrane fouling problems. Fouling of the membrane decreases permeate 

flux and in fact the membrane’s lifespan, and this leads to higher operating costs in 

regards to energy requirements in order to reduce the fouling and membrane replacement 

(Lin et al., 2011a; Meng et al., 2009). As reported by Pretel et al. (2014), 85% - 90% of 

the energy consumption in AnMBRs was related to the filtration and membrane fouling 

control processes. Additionally, high levels of nutrients (ammonium and phosphorous) in 

swine wastewater could not be removed during anaerobic processes.  

Bioelectrochemical systems (BES), for example microbial fuel cells (MFCs) and 

microbial electrolysis cells (MECs), represent emerging technologies for wastewater 

treatment with recovery of the inherent energy as electricity (MFCs) or hydrogen (MECs) 

(Du et al., 2007; Escapa et al., 2014). MFCs utilize the presence of electrochemically-

active bacteria as catalysts to convert soluble organic matter in the wastewater into useful 

electrical energy (Ma et al., 2016). Moreover, the degradation of refractory organic matter 

under anaerobic conditions could be enhanced in MFCs (Zhang et al., 2017c). Meanwhile, 

based on previous reports, nutrients in wastewater could be potentially removed and/or 

recovered from MFCs (Ye et al., 2019b). Hence, the use of MFCs provides an 

environmentally friendly and promising method for swine wastewater containing 

antibiotics.  
 

1.2 Research motivations and scope 
Although the removal of antibiotics in MFC has been studied by researchers earlier, 

most of previous studies only pay attention to the removal of individual antibiotic in MFC, 

while different antibiotics are usually present in wastewater simultaneously. It is still 

unclear about the removal of multiple antibiotics in MFCs and the influence of mixed 

antibiotics on the performance of MFCs. Furthermore, the current removal of antibiotics 

by MFCs was mainly conducted in batch mode, which is not effective and realistic in 

practical applications in the future. Moreover, less attention was paid to the feasibility of 

applying MFC processes to the removal of antibiotics from swine wastewater. Hence, this 

study mainly focus on the removal efficiency and degradation kinetics of mixed 

antibiotics in swine wastewater through a double-chamber MFC, and their removal in the 

continuous flow operation of MFC. The effect of mixed antibiotics and relative high 

ammonium concentration in swine wastewater on the performance of the MFC was also 
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investigated in this research. Meanwhile, the potential recovery of nutrients from swine 

wastewater by the MFC was also explored. Furthermore, a new pomelo peel derived 

biochar was developed and integrated with MFC bioreactor to stimulate the removal of 

antibiotics from swine wastewater. The aim of this research is therefore to develop a 

specific integrated biochar-MFC system for swine wastewater treatment. 

The specific objectives of this research are as follows: 

1) To exhibit a comprehensive review of current studies on bioprocesses for the 

removal of antibiotics from swine wastewater;  

2) To explore the removal mechanism of antibiotics during anaerobic treatment 

processes; 

3) To investigate the feasibility of microbial fuel cell for treating swine wastewater 

with antibiotics; 

4) To evaluate the performance of continuous flow MFC for removing antibiotics 

from swine wastewater toward its potential for practical application; and 

5) To assess the performance of a specific integrated biochar - microbial fuel cell 

bioreactor for removing antibiotics from swine wastewater under continuous 

mode. 

 

1.3. Research significance 
This research can provide an effective and environmentally friendly technology to 

treat swine wastewater containing antibiotics with nutrients recovery and electricity 

production simultaneously in an integrated biochar - microbial fuel cell bioreactor. The 

feasibility study of MFC for removing antibiotics from swine wastewater indicated its 

high effectiveness for antibiotics’ removal in comparison with the conventional anaerobic 

bioreactor. To achieve future full-scale application of MFCs, the treatment of swine 

wastewater containing antibiotics in a continuous flow MFC was evaluated. Furthermore, 

a new pomelo peel derived biochar was developed in this study to combine with MFC 

bioreactor to improve the removal efficiency of antibiotics in swine wastewater. 

Therefore, the information provided in this study is significant for evaluating the potential 

of MFC processes in large-scale swine wastewater treatment in future.  
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1.4 Organization of the thesis 
The thesis includes eight chapters, and the main contributions of each chapter are as 

displayed in Fig. 1.2. 

 
Figure 1.2 Main structure of this research 

Chapter 1 generally describes the significance of antibiotics removal from swine 

wastewater and challenges of current treatment technologies to control swine wastewater 

containing antibiotics. The research motivations, scope and significance are also 

presented in this chapter. 

Chapter 2 reviews general biological processes and removal mechanisms for 

removing antibiotics from swine wastewater, including conventional activated sludge, 

anaerobic digestion, aerobic and anaerobic membrane bioreactors, constructed wetlands 

and bioelectrochemical systems. Moreover, the comparison of these technologies for 

antibiotics removal was also given in this chapter. Finally, the promising technology and 

possible optimization methods for improving antibiotics’ removal are provided. 
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Chapter 3 provides the detailed materials and methods used in the present study. It 

mainly includes swine wastewater composition, biochar preparation, experimental setup 

and operation conditions, as well as analytical methods. 

Chapter 4 explores the removal mechanism of antibiotics during anaerobic 

treatment processes. This chapter investigates the fate of tetracycline and sulfornamide 

antibiotics in anaerobic sludge reactor. Additionally, the adsorption process and 

mechanism of tetracycline antibiotics and the biodegradation process of sulfonamide 

antibiotics in anaerobic bioreactor is presented in this chapter. 

Chapter 5 evaluates the degradation of different concentration of mixed 

sulfonamide antibiotics (SMs) in a double chamber MFC. Meanwhile, the impact of these 

antibiotics on power generation and COD removal efficiency of MFC is also reported. 

Chapter 6 indicates the removal efficiency of SMs in a continuous flow MFC under 

different operating modes. The performance of the MFC is also assessed in terms of 

electricity generation, COD removal and nutrients removal.   

Chapter 7 reports the combination of biochar with MFC bioreactor for removing 

antibiotics from swine wastewater. This chapter mainly includes the new biochar 

preparation, characteristics of the biochar, biochar’s capacity for adsorption of antibiotics, 

removal of SMs in MFC with the dosage of biochar, and performance of MFC with 

biochar. 

Chapter 8 summarizes the works and major results of studies in this thesis, 

conclusions, as well as future research challenges and directions.  
 



 

 
 

 
 
 
 

 
 

CHAPTER 2 

Literature review 
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2.1 Introduction 
Researches on different ways to remove antibiotics from wastewater before final 

release them into the environment has been carried out by scientists worldwide, especially 

in recent times. Advanced oxidation technology, like chlorine, ultraviolet light and ozone 

processes have been developed and revealed their effectiveness in removing antibiotics 

from swine wastewater (Ben et al., 2009; Ben et al., 2011; Qiang et al., 2006). However, 

such processes not only required large amounts of energy, but also produced some by-

products, which can cause secondary pollution to the environment. By contrast, biological 

treatments are much more popular to treat swine wastewater, because they are 

inexpensive and simple to operate, there is no secondary pollution and therefore 

ecologically clean (Liu et al., 2009).  

Different bioprocesses have been investigated for the treatment of tetracycline and 

sulfornamide antibiotics in wastewater. Biosorption and biodegradation are believed to 

be the main mechanism for removing antibiotics from swine wastewater by biological 

processes (Laurent et al., 2010). The removal via volatilization mechanism is negligible 

considering the low Henry’s law constant (kH) (< 10-6 mol /(m3·Pa) of target antibiotics 

(listed in Table 2.1) (Hamid & Eskicioglu, 2012; Oliveira et al., 2016a). Removal by 

photo-degradation can also be ignored because of the high suspended solid concentration 

in swine wastewater, which blocks the penetration of sunlight in the top layer (Cheng et 

al., 2018b). Their removal in bioprocesses is affected by physicochemical properties of 

antibiotics, as well as operational parameters of wastewater, such as biomass 

concentration, sludge retention time, hydraulic retention time, temperature and pH (Luo 

et al., 2014b; Tiwari et al., 2017; Wang & Wang, 2016). 

Table 2.1 Key physical-chemical properties of target antibiotics  

Class Core structure Compounds pKa 

Solubility 

in water 

(mg/l) 

Log 

Kow 

Henry’s law 

constant 

(atm m3 

mol−1) 

TCs 

Amphoteric 

molecules 

having 

multiple 

ionized groups, 

Tetracycline 

(TC) 

3.3; 

7.7; 

9.70 

231 -1.47 4.66 × 10-24 

Oxytetracycline 
(OTC) 

3.3; 

7.3; 
313 -1.501 3.971×10−21 
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such as 

hydroxyl, 

amino and 

ketone 

9.10 

Chlortetracyc

line (CTC) 

3.3; 

7.4; 

9.30 

1000 -0.325 1.7 × 10−23 

Doxycycline 

(DC) 

3.5; 

7.7; 

9.50 

630 -0.54 4.66 × 10-24 

SMs 

Amphoteric 

molecules 

characterized 

by sulfonyl 

and amine 

group at 

different pH 

Sulfamethazi

ne (SMZ) 

2.07; 

7.65 
2846 0.19 1.3×10-14 

Sulfamethoxa

zole (SMX) 

1.85; 

5.60 
3942 0.89 6.4×10-13 

Sulfadiazine 

(SDZ) 

1.57; 

6.5 
77 0.76 1.6×10-13 

 

In this chapter, biological processes for treating swine wastewater containing 

antibiotics are critically and comprehensively reviewed. The biological processes were 

roughly classified into activated sludge (AS), anaerobic digestion (AD), constructed 

wetlands (CWs), membrane bioreactors (MBRs), MBR-based hybrid processes and 

bioelectrochemical systems (BES), with a discussion of their removal mechanisms, 

removal efficiency, as well as influencing factors. Finally, the performance of different 

bioprocesses for removing antibiotics from swine wastewater was compared, and 

discover better approaches for treating such toxicants from swine wastewater.  

Major parts of Chapter 2 have been published as journal articles in ERA A-rated 

journal: 

 

 

 

 
 

Cheng, D.L., Ngo, H.H., Guo, W.S., Liu, Y.W., Zhou, J.L., Chang, S.W., 

Nguyen, D.D., Bui, X.T. and Zhang, X.B., 2018. Bioprocessing for elimination 

antibiotics and hormones from swine wastewater. Science of the Total 

Environment, 621, pp.1664-1682. 

Cheng, D., Ngo, H.H., Guo, W., Chang, S.W., Nguyen, D.D., Liu, Y., Wei, Q. 

and Wei, D., 2020. A critical review on antibiotics and hormones in swine 

wastewater: Water pollution problems and control approaches. Journal of 

hazardous materials, 387, p.121682. 
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2.2 Removal mechanisms of antibiotics during bioprocessing 
2.2.1 Removal by sorption 

Biosorption is a physico-chemical and metabolically-independent process that 

happens between organic/inorganic pollutants and biosorbents (Park et al., 2010). 

Biosorption mechanisms mainly include absorption, adsorption, ion exchange, surface 

complexation and precipitation (Fomina & Gadd, 2014). Therefore, the biosorption 

removal of antibiotics from wastewater highly depends on their physical-chemical 

properties, such as charge, solubility, hydrophobicity and chemical structures. The value 

of octanol–water partition coefficients (KOW) is usually used by previous studies to 

characterize the hydrophobicity of compounds and their sorption tendency to the solid 

phase (Carballa et al., 2004; Yang et al., 2011a). As reviewed by (Luo et al., 2014a), the 

values of log KOW < 2.5, between 2.5 and 4, and > 4 correspond to the low, medium and 

high sorption potentials of compounds, respectively.  

Electrostatic interaction is another mechanism to explain the biosorption of organic 

compounds onto solid phase (Ahmed et al., 2015). Antibiotic compounds can exist in 

positive, neutral, and negative forms according to the pH condition of the solutions and 

pKa value of compounds, so the solution pH is critical for the electrostatic interaction 

between antibiotics and charged biosorbents (Cheng et al., 2018b). However, the 

biosorption process can be highly complex due to the different compositions of 

wastewater and the variety of functional groups in biomass (Fomina & Gadd, 2014). Tolls 

(2001) indicated that a number of hydrophobicity-independent mechanisms, such as 

cation exchange, cation bridging, surface complexation, and hydrogen bonding, play 

significant roles in biosorption removal of antibiotics from wastewater. In addition, 

microorganisms in biological processes can produce extracellular polymeric substances 

(EPS) composed of polysaccharide and protein. The EPS can facilitate the biosorption of 

micropollutants, due to the presence of diverse functional groups, such as carboxyl, amine 

and hydroxyl groups, and hydrophobic regions (Cheng et al., 2018c; Xu et al., 2013). 

2.2.2 Removal by biodegradation 
Biodegradation is the principal removal mechanism of micropollutants in 

wastewater. For example, Zheng et al. (2017) demonstrated that more than 60% of 11 

veterinary antibiotics in swine wastewater were removed by biodegradation while only 

24% were adsorbed by sludge, especially for SMs, whose removal almost by 

biodegradation (96.2%) in the reactor. According to a recent study by Chen et al. (2017), 
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antibiotics in swine wastewater could be biodegraded under both aerobic and anaerobic 

conditions, and biodegradation played a more dominant role than sorption. The optimal 

outcome of biological technologies is to degrade pollutants by microorganism effectively 

(Tijani et al., 2013). Mechanisms, including metabolic and co-metabolic pathways by 

microorganisms, may contribute to the biodegradation removal of A&H in biological 

treatment processes (Cheng et al., 2018b; Tran et al., 2013). For example, Müller et al. 

(2013) indicated that activated sludge communities could utilize SMX as carbon and/or 

nitrogen source for growth, and the biodegradation was enhanced when a readily 

degradable energy supply (acetate) was provided which fostered metabolic activity. Other 

previous research also indicated that antibiotics in wastewater mainly removed by co-

metabolic biodegradation, because their concentrations could be too low to serving as a 

sole carbon and nitrogen source for the growth of microorganisms (Fischer & Majewsky, 

2014). Müller et al. (2013) demonstrated that the biodegradation of antibiotics could be 

enhanced by adding readily degradable carbon sources, since they provided energy for 

heterotrophic biomass growth and metabolic activity. The biodegradation starts when 

SMs have fully established sorption equilibrium with the activated sludge, or the 

microorganisms prefer to utilize readily biodegradable substrates before the antibiotics 

are degraded (Sahar et al., 2011b; Yang et al., 2012b). 

Previous reports about microorganism strains responsible for the degradation of 

antibioitcs indicated that autotrophic ammonia oxidizers and nitrifying bacteria played a 

key role in cometabolizing micropollutants, while heterotrophic microbes degraded them 

via cometabolism and/or metabolism (Chen & Xie, 2018; Cheng et al., 2018b; Silva et 

al., 2012; Tran et al., 2013).  

 

2.3 Different bioprocesses for removing antibiotics from swine 

wastewater 
2.3.1 Activated sludge (AS) processes 

As the most common biological wastewater treatment process, AS treatment can be 

used to treat sewage, industrial wastewater and agriculture wastewater (Suto et al., 2017; 

Suzuki et al., 2010). For swine wastewater, which contains high concentrations of organic 

matter, nutrients and suspended solids, the effluent from conventional activated sludge 

treatment plants is hard to meet the discharge standard (Joo et al., 2006; Sombatsompop 

et al., 2011). In recent years, a series of studies have started to focus on the fate and 
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behavior of antibiotics in the AS processes. Table 2.2 summarizes studies examining the 

removal efficiency of antibiotics in AS processes
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Table 2.2 Removal of target antibiotics during conventional aerobic sludge processes 

 

Compounds 
Wastewater 

source 

Initial 

concentrations 

Treatment 

processes 
Operation conditions 

Removal efficiencies / 

results 
References 

SMX 

Synthetic 

wastewater 
100 μg/L Batch reactor 

T=25°C, pH =7.0, 48 

h of contact in the 

slurry.  

92.1±2.7% (Yang et al., 2012b) 

Swine 

wastewater 
/ A/O 

HRT=72 h for each 

unit 
0% (Chen et al., 2012) 

SMZ 

 

Synthetic 

wastewater 
5 mg/L SBR 

SRT=5 and 25 d, 

HRT=3 h, pH= 7.0  

T=30°C 

45%-80% (Huang et al., 2012b) 

Swine 

wastewater 
/ A/O 

HRT=72 h for each 

unit 
29.6% (Chen et al., 2012) 

Swine 

wastewater 

100, 500 and 

3000 μg/L 
SBR  

 pH = 8.7 ± 0.2, T = 

20°C, MLSS≈8000 

mg/L, and 

SCOD≈500 mg/L 

The biological activity of 

activated sludge was 

completely inhibited by 

the presence of SMZ. 

(Ben et al., 2014) 
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SD 
Swine 

wastewater 
98.9 μg/L A/O 

HRT=72 h for each 

unit 
0% (Chen et al., 2012) 

TC 

Synthetic 

wastewater 

 

250 μg/L 

 

SBR 

 

HRT=24h,  SRT= 10 

d 

86.4 ± 8.7%, no 

biodegradation for TC 

was observed  

(Kim et al., 2005a) 
HRT=7.4 h, SRT= 

10 d 

85.1 ± 5.4%, no 

biodegradation for TC 

was observed 

HRT=7.4 h, SRT= 3 

78.4 ± 7.1%, no 

biodegradation for TC 

was observed 

Synthetic swine 

wastewater 
0-87 μg/L Lab-scale AS 

T= 25 °C, 28 

daerobic degradation 

-28 and -35%, TC can be 

classified as a non-

biodegradable compound 

(Prado et al., 2009a) 

Swine 

wastewater 
41.6 μg/L A/O 

HRT=72 h for each 

unit 
27% - 97% (Chen et al., 2012) 

OTC 
Swine 

wastewater 
23.8 μg/L A/O 

HRT=72 h for each 

unit 
94.1% - 100% (Chen et al., 2012) 

CTC 
Swine 

wastewater 
13.7 μg/L A/O 

HRT=72 h for each 

unit 
82.8% - 90.2% (Chen et al., 2012) 
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Tylosin 

Synthetic swine 

wastewater 
0-88 μg/L Lab-scale AS 

T= 25°C, 28 

daerobic degradation 

4 and -5%, tylosin can be 

classified as a non-

biodegradable compound 

(Prado et al., 2009a) 
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Generally, conventional AS treatment involves two stages: primary treatment 

(physicochemical) and secondary (biological) treatment; in some cases, tertiary treatment 

is also included to improve effluent quality and achieve water reuse purpose. Primary 

stage includes mechanical and flocculation-coagulation processes, and biosorption was 

regarded as the main removal mechanism for antibiotics in this stage, although some 

degradation could also occur. Thus, only those substances with higher sorption properties 

are expected to be eliminated in the primary stage (Luo et al., 2014b). For example, Choi 

et al. (2008) have shown that coagulation could remove 43% - 94% TCs from synthetic 

water. The study at two different full-scale swine manure-activated sludge treatment 

plants also demonstrated the removals of OTC, CTC and DC (71% - 76%, 75% - 80% 

and 95%) did partly contribute to the flocculation-coagulation process (Montes et al., 

2015). For the high water solubility compounds like SMX, the removal rate through the 

primary treatment stage can be neglected.  

By contrast, the secondary activated sludge process is the main stage for the 

elimination of antibiotics by both biosorption and biodegradation (Li & Zhang, 2010; 

Yang et al., 2011a; Zhou et al., 2013b). Biosorption onto activated sludge is believed to 

be the first and most rapid step and more important than the following biodegradation 

process (Ben et al., 2014; Yang et al., 2012b; Yang et al., 2011b). For example, 

sulfamethazine (SMZ) showed a rapid and high adsorption capacity in activated sludge 

an AS process in 6 h, although SMs were reported to be absorbed less on activated sludge 

(Ben et al., 2014). The high adsorption removal of SMZ in this study is mainly attributed 

to a large variety of organic materials and nutrients in swine wastewater, so that the 

acclimated activated sludge could have more carboxylic and phenolic moieties to form 

hydrogen bonds with the amine groups of SMZ, as well as the higher mixed liquor 

suspended solids (MLSS) (8000 mg/L) and longer solid retention time (SRT) (30 d). 

Thus, the biosorption process of antibiotics is influenced by MLSS and SRT of the 

wastewater. 

According to the research by Chen et al. (2012) and Batt, Kim & Aga (2007), under 

long contact time of antibiotics with activated sludge, biosorption was found to be the 

principal removal mechanism of TCs in AS processes, and the effluent water from this 

wastewater treatment system might pose risks to the aquatic environment in the vicinity 

of the swine farms. In addition, the conventional AS process did not effectively contribute 

to the removal ARGs from wastewater, it has been reported as a hotspot for the release of 

ARGs into the environment (Hong et al., 2013; Rizzo et al., 2013). The proliferation of 
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ARGs mainly occurs in AS process, which potentially creates suitable conditions to 

microorganisms for selecting and spreading ARGs (Gao et al., 2015). 

Prolonging SRT and hydraulic retention time (HRT) of AS processes can enhance 

the removal efficiency of antibiotics both through biosorption and biodegradation. Huang 

et al. (2012) reported that SMZ removal efficiency increased from 45% to 80% as SRT 

was increased from 5 to 20 d, and longer HRT could provide a longer period for microbes 

to acclimatize to SMZ. The increase of SRT could not only influence the biota, through 

enriching the slow growing bacteria and providing a more diverse bio-consortium, but 

also affect the physical nature of the floc particles, which have exopolymer coatings 

comprised largely of polysaccharide and proteins. Obviously, it would have an important 

effect on their affinity as sorbents for the adsorbent compounds (Johnson et al., 2006). 

Additionally, the removal efficiency of antibiotics was affected by the changes in 

temperature. According to the review article by Cirja et al. (2008), relatively high 

temperatures like those in summer season (17°C - 30°C) are positive for removing 

antibiotics during conventional activated sludge processes. It is evident that temperature 

can influence not only microbial activity, but also the adsorption equilibrium of pollutants 

in activated sludge. Zhou et al. (2013) demonstrated that through the AS treatment, 

removal percentages of SMs ranged from 83.3% - 94.8% in May of South China, but 

from 58.8% - 73.8% in November of that district. 

Although the conventional AS process is widely used for wastewater treatment, and 

can achieve high organic removal efficiency, the treatment system is not sufficient for 

removing persistent antibiotics (Ben et al., 2011; Onesios et al., 2009). In order to remove 

these refractory micropollutants the optimum operating conditions, like long HRT and 

SPT, must be maintained. Typically, the SRT in conventional activated sludge systems is 

3 - 8 d but no longer than 15 d. Yet the contact time required for the activated sludge to 

degrade antibiotics is longer than the HRT provided by conventional activated sludge 

processes. Therefore, high concentrations of antibiotics can be detected in effluent of 

conventional wastewater treatment plants and receiving water. As well, under short time 

contact of such toxicants with activated sludge, the majority of antibiotics can be removed 

from wastewater by biosorption on activated sludge. In that case, the adsorbed antibiotics 

will be introduced into the environment if no further treatments are employed to remove 

them from the sludge. 
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2.3.2 Anaerobic digestion (AD) processes 
From a sustainability perspective, the anaerobic digestion (AD) process is often 

considered as an alternative method for swine wastewater treatment, and has been widely 

applied in large-scale animal farms (Cheng & Liu, 2002; Deng et al., 2006; Kim et al., 

2012; Lo et al., 1994; Zhang et al., 2011b). In the AD process, biogas and digestate are 

generated through the degradation of organic pollutants by a complex community of 

anaerobic microorganisms in the absence of oxygen (Chen et al., 2008). Normally, four 

stages are included in the AD process (shown in Figure 2.1). The AD process has a 

number of advantages over the AS process for treating swine wastewater in that it needs 

no extra aeration equipment, less energy investment and generate less quantities of excess 

sludge. Moreover, the biogas generated during anaerobic digestion could serve as an 

attractive source of renewable energy to replace fossil fuel, while the digestate can serve 

as a fertilizer on farmland (Angelidaki et al., 2003; Barber & Stuckey, 1999; Cheng & 

Liu, 2002; Zhao et al., 2016). 

 

Figure 2.1 Anaerobic digestion process of organic matter 

 

According to the review paper by Sakar et al. (2009), anaerobic treatment processes 

like up-flow anaerobic sludge blanket (UASB), anaerobic sequencing batch reactor 

(ASBR), anaerobic baffled reactors, and continuously stirred tank reactor (CSTR) can be 

successfully utilized for swine waste treatment in both mesophilic and thermophilic 
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conditions. However, high concentrations of suspended solids and ammonia nitrogen in 

swine wastewater affect the degradation efficiency of the anaerobic reactor, the treated 

water from anaerobic systems still contains high concentrations of ammonia nitrogen and 

COD, does not meet the discharge requirement. Thus, normally, post-treatment processes 

are needed for digested swine wastewater (Guo et al., 2013; Zhou et al., 2016). 

Furthermore, antibiotics residues in digestates show that the full removal capacity cannot 

be guaranteed through the AD process. The digestates will introduce a high risk to the 

environment after their land application (Widyasari Mehta et al., 2016a). In recent years, 

due to the high application of AD systems in livestock wastewater treatment, researchers 

began investigating the removal efficiency of antibiotics from wastewater using AD 

processes see Table 2.3). The AD process can degrade antibiotics to various extents 

depending on the concentration and class of antibiotics, bioreactor types, operating 

conditions, etc. (Chen et al., 2012; Furuichi et al., 2006; Stone et al., 2009; Suzuki et al., 

2009; Widyasari Mehta et al., 2016b).  

 

Table 2.3 Removal of target antibiotics during conventional anaerobic processes 

Compounds 
Wastewater 

source 

Initial 

concentrations 

Treatment 

process 

Removal 

rate / results 
Reference 

SD 

Swine 

wastewater 98.8 μg/L AD unit 
8.3% 

(Chen et al., 

2012) 

SMX 

Swine 

wastewater 29 ng/L AD unit 
31.0% 

(Chen et al., 

2012) 

TC 

Swine 

wastewater 41.6 μg/L AD unit 
48.9% 

(Chen et al., 

2012) 

Liquid 

swine 

manure  / AD unit 

88.6% -  

91.6%  
(Tong et al., 

2012) 

Synthetic 

wastewater 250 μg/L ASBR 

14.97% - 

67.97%  

(Lu et al., 

2016) 

OTC 
Swine 

wastewater 23.8 μg/L AD unit 
96.7% 

(Chen et al., 

2012) 

CTC Liquid / AD unit 97.7% - (Tong et al., 
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As shown in Table 2.3, the efficiency in removing TCs and tylosin from wastewater 

using AD processes was better than that of SMs. Chen et al. (2012) investigated the 

occurrence and elimination of 14 selected antibiotics including TCs and SMs in two swine 

wastewater treatment systems (AD system and A/O system) in east China. They found 

that the AD process can significantly degrade higher levels of TCs (48.9% for TC and 

96.7% for OTC), while the removal rate of SMs was much lower, only 8.3% and 31% for 

SD and SMX respectively. They concluded that the efficiency of removing antibiotics 

with AD technology was significantly poorer than that in anoxic and aerobic biological 

treatments. Although large amounts of TCs were removed from the water phase, effluent 

and sludge from such conventional wastewater treatment systems can still pose risks to 

the aquatic environment in the vicinity of swine farms because of high concentrations of 

antibiotics remaining in effluent water (Chen et al., 2012).  

The removal of TCs from liquid swine manure by the AD process also indicated high 

swine 

manure  

98.2% 2012) 

Liquid 

swine 

manure  27 mg/L AD unit 

57% (Stone et 

al., 2009) 

DC 

Liquid 

swine 

manure 

/ AD unit 61% 

(Widyasari 

Mehta et 

al., 2016b) 

Tylosin 

Liquid 

swine 

manure 20 mg/L  

Anaerobic 

lagoon 

90% (Kolz et al., 

2005) 

Liquid 

swine 

manure 1.6 mg/L  ASBR 

>99% (Angenent 

et al., 2008) 

Pharmaceuti

cal 

wastewater 0-400 mg/L UASR 

95% (Chelliapan 

et al., 2006) 

Pharmaceuti

cal 

wastewater 600-800 mg/L UASB 

75% (Chelliapan 

et al., 2006) 
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efficiency (Stone et al., 2009; Widyasari Mehta et al., 2016b). For example, when spiked 

OTC of 13.5, 56.9 and 95.0 mg/L appeared in swine manure, the removal efficiency of 

the AD process was 57.8%, 53.3%, and 67.7% respectively. CTC with initial 

concentrations of 9.8, 46.1 and 74.0 mg/L could be removed, respectively 82.7%, 91.3% 

and 89.9% (Álvarez et al., 2010b). Tong et al. (2012) indicated the degradation rates of 

TC and CTC were 88.6% - 91.6% and 97.7% - 98.2%, respectively, in 45 days anaerobic 

digestion. However, for removing TC (250 μg/L) from synthetic wastewater by a lab-

scale Anaerobic Baffled Reactor (ABR), the removal rates were not as high as that from 

swine wastewater or liquid swine manure, ranging from 14.97% to 67.97% (Lu et al., 

2016). Therefore, the large suspended solids in swine wastewater and slurry in liquid 

swine manure play a significant role in the adsorption removal of TCs.  

The reduction efficiency of ARGs in AD processes needs more attention because of 

the usual land application of AD products, the copy number of ARGs could be effectively 

reduced by AD processes (approximately 0.21 - 1.34 logs) (Sui et al., 2016; Wang et al., 

2017b). As reported, stable operational and longer SRT of AD could improve the removal 

of ARGs, as well, microbial community, environmental factors and nutrient level of tested 

samples played important roles in the abundance of ARGs along the swine waste 

treatment (Song et al., 2017a; Wang et al., 2016a).  

Normally, a warm temperature is required for methane-forming bacteria converting 

VFA to biogas. As reported elsewhere, mesophilic and thermophilic conditions are more 

preferable for the removal of antibiotics (Carballa et al., 2007). Varel et al. (2012) 

indicated that CTC in swine manure can be reduced by 80% and 98% in anaerobic 

digesters at 38°C and 55°C, but at 22°C it could only remove 7%. 

In summary, although anaerobic digestion processes are energy-efficient and 

environmentally friendly processes compared to conventional activated sludge processes, 

their treatment efficiency for high-strength and toxicant swine wastewater is limited. Like 

conventional AS processes, the effluent from such AD treatment plants is difficult to meet 

the discharge standard, not only for the traditional contaminants, but also for antibiotics. 

Consequently, more efficient and advanced processes are required for the removal of 

antibiotics from swine wastewater.  

2.3.3 Constructed wetlands (CWs) 
Constructed wetlands are implemented widely in rural areas to treat swine 

wastewaters since they are inexpensive and simple to operate compared to other market 
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wastewater treatment technologies (Garcia-Rodríguez et al., 2014). Wastewater treatment 

is achieved through an integrated combination of physical, chemical, and biological 

interactions among vegetation, substrates, soils, microorganisms and water to remove 

various contaminants and improve the water quality (Wu et al., 2015).  

According to the wetland hydrology (free water surface and subsurface systems) and 

water flow direction, CWs could be classified as: firstly, free water surface constructed 

wetlands (SF-CWs); secondly, horizontal subsurface flow constructed wetlands (HSSF-

CWs); and thirdly, vertical subsurface flow constructed wetlands (VSSF-CWs) (Töre et 

al., 2012). In these CWs systems, various removal processes can take place: adsorption 

on the substrates, plant uptake, phytovolatilization, release of exudates, oxygen pumping 

into the rhizosphere, and microbial degradation (Carvalho et al., 2013). Previous studies 

have demonstrated that CWs can efficiently remove organics, nutrients, heavy metals, 

and other components from wastewater (Wu et al., 2015).  

In recent years, several studies have attempted to remove antibiotics from swine 

wastewater by CWs, and their treatment efficiencies mainly depended on various 

configurations and compounds (Hsieh et al., 2015; Huang et al., 2017; Klomjek, 2016; 

Liu et al., 2013b; Papaevangelou et al., 2016; Shappell et al., 2007), as shown in Table 

2.4. Carvalho et al. (2013) reported that removal efficiencies of TC and enrofloxacin 

(ENR) were at least 94% and 98%, respectively, using microcosm VSSF-CWs to treat 

swine wastewater containing 100 μg/L of such antibiotics. For the synthetic swine 

wastewater containing 40 μg/L of CTC, OTC and SMZ, the removal efficiencies by CWs 

were 78% - 85%, 91% - 95%, and 68% - 73%, respectively (Liu et al., 2013b). Huang et 

al. (2017) constructed mesocosm VSSF-CWs to treat swine wastewater with 250 μg/L 

OTC and difloxacin (DIF). The results revealed that the average mass removal 

efficiencies of OTC and DIF were higher than 90%. 

 

Table 2.4 Removal of target antibiotics during constructed wetlands processes 

Com

poun

ds 

Wastewate

r source 

Initial 

concentration 
Treatment process 

Removal 

rate / results 

Referen

ce 

SMZ 

 

Swine 

wastewater  
40 μg/L 

Lab-scale zeolite-

medium VFCW and 

volcanic rock-

68% 

(volcanic 

rock), 73% 

(Liu et 

al., 

2013b) 
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medium VFWC (zeolite) 

Synthetic 

swine 

wastewater   

30 μg/L 

Pilot-scale SFCW 

Pilot-scale HSFCW 

Pilot-scale VSF-

LCW 

Pilot-scale VSF-

HCW 

40% - 59% 

59% 

87% 

70% 

(Liu et 

al., 

2014) 

 

TC 

 

Swine 

wastewater 
100 μg/L  

Microcosm VSSF-

CWs  
94% 

(Carval

ho et 

al., 

2013) 

Synthetic 

swine 

wastewater 

30 μg/L 

Pilot-scale SFCW 

Pilot-scale HSFCW 

Pilot-scale VSF-

LCW 

Pilot-scale VSF-

HCW 

92% 

92% 

99% 

98% 

(Liu et 

al., 

2014) 

 

OTC 

Swine 

wastewater 
40 μg/L  

Lab-scale zeolite-

medium VFCW and 

volcanic rock-

medium VFWC 

91% 

(volcanic 

rock), 95% 

(zeolite)  

(Liu et 

al., 

2013b) 

Swine 

wastewater  
250 μg/L 

Mesocosm VSSF-

CWs 
>90% 

(Huang 

et al., 

2017) 

Livestock 

wastewater 

217.6±166.9 

ng/L 
Full-scale SFCW 97% 

(Hsieh 

et al., 

2015) 

 

For the removal of ARGs, the absolute abundances of sulfonamide resistance genes 

(sulI, sulII, sulIII) and tetracycline resistance genes (tetO, tetM, tetW, tetA, tetX) were 

reduced from swine wastewater without significant difference among different types of 

CWs. Whereas, the relative abundances of most target genes in the CWs showed obvious 

increases over the treatment period (Huang et al., 2015; Liu et al., 2013a; Liu et al., 2014; 
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Zhang et al., 2017b). Those abundance of ARGs were developed and reduced in CWs 

may related to the characteristic of wastewater, operating conditions and configuration of 

CWs (Huang et al., 2017; Sharma et al., 2016). 

Among the above mentioned three types of CWs, VSSF-CWs was the most efficient 

in removing antibiotics (Huang et al., 2017; Liu et al., 2014). Liu et al. (2014) operated 

four pilot-scale constructed wetlands (free water surface (SF), horizontal subsurface flow 

(HSF), vertical subsurface flows with different water level (VSF-L) and (VSF-H)) to 

assess their ability for removing SMZ (30 μg/L) and TC (30 μg/L) from synthetic swine 

wastewaters. Their results demonstrated that VSF-L and VSF-H obtained better removal 

efficiencies for both SMZ (87% and 70%) and TC (99% and 98%) than SF and HSF 

systems. This was mainly because the oxygen transfer was greater in the VSF-CWs bed 

than in the others, which enabled VSF-CWs to operate in unsaturated water conditions, 

creating a predominantly aerobic environment (Matamoros et al., 2008; Zhi & Ji, 2012). 

In contrast, in HSSF-CWs systems the anaerobic environment prevails because they are 

continuously fed and the wastewater flows slowly under the surface of the gravel wetland 

bed. They are also planted with plants those allow them to work in saturated water 

conditions. As reported earlier, aerobic pathways are generally more efficient for the 

biodegradation of antibiotics than anaerobic conditions (Garcia-Rodríguez et al., 2014).  

In CWs, substrates are essential because they not only provide a basic environment 

for growth of plants and microbes, but also remove pollutants from wastewater by 

adsorption and biodegradation (Wu et al., 2015). However, the contribution of substrates 

can be influenced by their physical and chemical properties and the characteristics of 

pollutants. For instance, Sarmah et al. (2006) indicated the adsorption of antibiotics onto 

the surface of substrates was affected by hydrophobic partitioning, van der Waals 

interaction, electrostatic interaction, ion exchange, and surface complexation. The pH of 

substrates could also play an important role in their biosorption capacity due to the 

different ionization states of antibiotics under different pH conditions (Conkle et al., 2010; 

Hussain & Prasher, 2011). Liu et al. (2014) found red soil (pH=4.24) showed a higher 

adsorption level than oyster shell (pH=7.67) for the removal of SMZ and TC.  

Substrates with high organic matter surface area and porosity could increase the 

removal efficiency of antibiotics. This phenomenon is attributed to the interaction 

between the organic groups (carboxyl and phenolic groups), ion exchange, and hydrogen 

bonding of the substrate matrix with the polar groups of antibiotics (Guan et al., 2017). 

Different substrates have been studied to compare their removal capacities. Liu et al. 
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(2013b) indicated that the zeolite-medium system could remove more ciprofloxacin, OTC, 

and SMZ than the volcanic-medium system. They concluded it was probably because of 

the different pH values and average pore sizes of the respective media.  

Huang et al. (2017) operated both mesocosm and microcosm CWs systems to treat 

wastewater, and their results showed that brick-based columns had stronger OTC and DIF 

removal than oyster shell-based columns. It is not only due to the larger porosity and 

average micropore size of brick, but also because of tetracycline and quinolone 

compounds having complex iron, and easily being adsorbed to iron oxides and iron oxide-

rich soils. Thus, the crystalline iron oxide (Fe2O3, 32%) in brick should be another 

important determinant for its higher antibiotic removal capacity. Based on all of the above, 

we can see the importance of substrates selection in the CWs system, to date, however, 

research has only focused on the removal of single classes of antibiotics. Therefore, more 

studies on the removal of municipal classes of antibiotics should be conducted.  

Plants also play a significant role in CWs, although some research indicated that 

there were no significant differences between the planted and unplanted systems in 

removing antibiotics (Carvalho et al., 2013). For example, the study by de Carvalho (2012) 

documented the positive effects of Paustralis-planted beds in CWs for the elimination of 

veterinary pharmaceuticals from livestock and slaughterhouse industries wastewater. 

Xian et al. (2010) operated a constructed macrophyte floating bed system with three 

varieties of Italian ryegrass (Dryan, Tachimasari and Waseyutaka) to compare their 

removal efficiency of nutrients and veterinary antibiotics from swine wastewater. The 

finding indicated that Dryan performed better than Tachimasari and Waseyutaka. For 

Dryan, the removal rates of TN, COD, TP and sulfonamide antimicrobials were 84.0%, 

90.4%, 83.4% and 91.8% - 99.5%, respectively.   

In the CWs system, plants could uptake, transport and metabolize antibiotics through 

glycosylation and glutathione pathways to eliminate antibiotics (Carvalho et al., 2013). 

Liu et al. (2013b) found all three target antibiotics (CTC, OTC, and SMZ) were detected 

in the wetland plant leaf during the swine wastewater treatment by CWs, indicating that 

antibiotics can be removed by wetland pants through mass flow (in transpiration stream) 

and active uptake. Researchers also detected the removal of antibiotics by plants is 

correlative with Log Kow, water solubility and the compounds’ concentration (Boonsaner 

& Hawker, 2010; Dettenmaier et al., 2008; Liu et al., 2013b). Compounds with LogKow 

ranging from 0.5 to 3.5 are identified as lipophilic compounds, which could move through 

the lipid bilayer of plant cell membranes, and they were water soluble enough to travel 
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into the cell fluids of plants (Li et al., 2014). A positive correlation between the antibiotics 

concentrations and the accumulation levels of antibiotics inside the plants is observed 

(Liu et al., 2013b). In addition, both the secreting oxygen released from plant roots and 

other rhizodeposition products (exudates, mucigels, dead cell material, etc.) can stimulate 

the metabolism activity of microorganisms around the rhizosphere (Bais et al., 2006). 

Temperature is also an important influencing factor in CWs systems for the removal 

of antibiotics. According to previous reports, temperature not only influenced the plant 

productivity, it also affected the activity of microbial and bacterial communities existing 

in CWs. This could help achieve their optimal activity and produce a beneficial outcome 

for the removal of antibiotics at warm temperatures in CWs (Truu et al., 2009; Zhang et 

al., 2011a). Liu et al. (2014) compared the removal rate of SMZ and TC in different 

seasonal conditions (13°C in winter and 30°C in summer), and concluded that summer 

conditions had a significantly positive effect on the removal rate of TC and SMZ in CWs. 

In order to improve the quality of effluent from CWs system, several hybrid 

constructed wetlands (hybrid CWs) were developed. They are the combination of two or 

more wetlands or the combination of wetlands with other pond systems such as lagoons 

and facultative ponds in parallel or in series (Li et al., 2014). It is therefore possible to 

use the specific advantages of each system. For example, employing a VFCW as a first 

step would make it possible to nitrify the ammonia species, whereas a HFCW afterwards 

is able to denitrify the previously produced nitrates (Vymazal, 2013).  

However, the major problem associated with CWs processes is land requirements; it 

is inappropriate in some regions, especially where land resources are scarce and 

population density is high. Moreover, the performance of CWs largely depends on local 

climate (Scholz & Lee, 2005). The high total suspended solid (TSS) load in swine 

wastewater can also result in progressive clogging occurring near the inlet. As well, the 

performance of CWs in the start-up period is relatively poor or unstable due to immature 

rhizosphere environments (Töre et al., 2012). Secondary pollution of groundwater could 

occur through the leaching of wetlands.  

2.3.4 Membrane bioreactor (MBR)-based processes 
Considering the presence of high fractions of refractory organic matter in swine 

wastewater, the treatment by MBRs are more efficient than conventional AS and AD 

processes. MBRs are the combination of adsorption, biodegradation and membrane 

separation processes. In MBRs, a high SRT within compact reactor volumes is achieved 
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because it is possible to uncouple the HRT and SRT in tangential filtration, other than the 

traditional gravity settling in AS systems (de Cazes et al., 2014a). Compared with 

conventional processes, MBRs have a number of advantages, such as long SRT, flexibility 

in operation, compact plant structure, minimal sludge production, high nitrification 

performance, high biomass diversity, stable and excellent effluent quality suitable for 

reuse (Yang & Cicek, 2008). Thus, MBRs are considered to be a promising alternative 

technology for treating highly contaminated swine wastewater. The average removal 

efficiencies of BOD, COD, NH4
+-N and turbidity in MBR were more than 90% 

(Kornboonraksa et al., 2009; Sui et al., 2014).  

MBR systems functioned well for treating swine wastewater with antibiotics (see 

Table 2.5) (Galán et al., 2012; Liu et al., 2016; Prado et al., 2009b; Song et al., 2017b). 

Song et al. (2017b) indicated 83.8% of 11 typical veterinary antibiotics could be removed 

from digested swine wastewater in the MBR at the HRT of 5-4 d, although the removal 

efficiency decreased to 57.0% and 25.5% when HRT was shortened to 3-2 d and 1d, and 

more than 90% of COD and NH3-N were removed. On this theme, Prado et al. (2009b) 

and Zhu et al. (2017) indicated that the impact of antibiotics under a certain concentration 

in wastewater on the performance of the MBR system was weak. Prado et al. (2009b) 

showed before and after TC injection the average removal efficiency of COD were 92% 

and 88%, respectively, and the ammonium removal efficiency stayed at 99%. As well, the 

removal efficiency of TC in this pilot scale MBR system was 89% as the initial 

concentration of 2.5 mg/L. Zhu et al. (2017) also stated that 100 μg/L of SMX and TC 

had no effect on the removal of pollutants in an anoxic/aerobic MBR system, may because 

microbial communities maintain system stability through gradual acclimation of 

functional bacteria and development of potential antibiotic resistance species. Such 

results confirmed the ruggedness and superiority of MBR over conventional bioprocesses. 

 

Table 2.5 Removal of target antibiotics during MBR-based processes 

Compounds 
Wastewater 

source 

Initial 

concentrations 

Treatment 

process 

Removal 

rate / results 
Reference 

SMs 

Digested 

swine 

wastewater 

6.27 μg/L 
Lab-scale 

MBR 
87.4% 

(Song et 

al., 2017b) 
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High removal efficiency in MBRs is attributed to stable biomass concentration and 

retention of particulate matter. They provide a stable scenario for the growth of a 

SMs 

Digested 

swine 

wastewater 

6.27 μg/L Lab-scale 

BF-MBR 

90.3% (Song et 

al., 2017b) 

SMX 

Municipal 

wastewater  
/ 

Pilot-scale 

MBR 
 80% 

(Göbel et 

al., 2007) 

Synthetic 

wastewater 

/ AnMBR 95% - 98% (Hu et al., 

2016) 

TCs 

Digested 

swine 

wastewater  

16.21 μg/L 
Lab-scale 

MBR 
86.8% 

(Song et 

al., 2017b) 

TC 

Digested 

swine 

wastewater  

/ 
Submerged 

MBR  
94%  

(Liu et al., 

2016) 

Digested 

swine 

wastewater 

3.83 μg/L 
Lab-scale 

MBR 
80.2% 

(Song et 

al., 2017b) 

Swine 

wastewater 
2.5 mg/L 

Pilot-scale 

MBR 
89% 

(Prado et 

al., 2009b) 

OTC 

Digested 

swine 

wastewater  

/ 
Submerged 

MBR  
93.2%  

(Liu et al., 

2016) 

Digested 

swine 

wastewater 

0.67 μg/L 
Lab-scale 

MBR 
85.1% 

(Song et 

al., 2017b) 

CTC 

Digested 

swine 

wastewater  

/ 
Submerged 

MBR  
78.6%  

(Liu et al., 

2016) 

Digested 

swine 

wastewater 

0.35 μg/L 
Lab-scale 

MBR 
45.7% 

(Song et 

al., 2017b) 



 

2-21 
 

specialized microbial community efficient in the biodegradation of antibiotics. As well as 

better removal performance, the MBRs exhibited more stable functioning than the 

conventional treatment system due to faster response to variable influent concentrations 

and operational perturbation (De Wever et al., 2007). As well, the removal of ARGs in 

the MBR process was reported significantly higher than that in conventional treatment 

systems. Compared with the conventional AS treatment process, concentrations of ARGs 

(tetW and tetO) in the MBR effluent were observed to be 1 - 3 log less (Munir et al., 

2011). 

A submerged MBR was used to treat digested swine wastewater, with the variation 

of HRT. No significant difference was observed for the removal of SMZ and SMX, but 

the removal rates of TCs were greatly decreased as the HRT was shortened. Specifically, 

when the HRT was shortened from 8-12 d to 2.7 d, the removal rates of TC, OTC and 

CTC decreased from 94.0%, 93.2% and 78.6% to 47.6%, 61.8% and 40.5%, respectively. 

HRT of 3-4 d was reported to be enough for the efficient removal of COD and ammonium 

from digested swine wastewater, but insufficient for effectively removing antibiotics (Liu 

et al., 2016). Similar to conventional technologies, the treatment of swine wastewater in 

a semi-industrial MBR also indicated that longer SRT was beneficial for the removal of 

antibiotics. The removal of TC was 89% at long SRT (10 d), while it decreased to 78% at 

a shorter SRT (3 d). Thus, long SRT of the MBR (30 d) did enhance the adsorption of TC 

on the sludge surface and reduced its toxic impact (Prado et al., 2009b). Long SRT 

increased the growth of nitrifying bacteria, which led to large amounts of biodegradable 

micro-pollutants being removed.  

Considering low energy input required for anaerobic technologies, anaerobic MBR 

(AnMBR) systems were gradually established by researchers to study their performance 

for removing antibiotics in wastewater (Dutta et al., 2014; Hu et al., 2017; Hu et al., 2016; 

Sanchez Huerta, 2016). Hu et al. (2016) investigated the performance of AnMBRs for 

treating antibiotics polluted wastewater, and indicated more than 90% of antibiotics were 

removed mainly through biological processes. Obviously, the degradation capacity of the 

anaerobic bacteria in AnMBR systems was improved. For example, in comparison with 

low removal efficiency (31%) of SMX in the conventional AD process, 95% - 98% of 

SMX was removed by the AnMBR system under optimal conditions after a biomass 

adaptation period. During the AnMBR process, seven transformation products of SMX 

were identified and possible degradation pathways were proposed. Moreover, stable 

biogas composition and methane production were achieved in the experiment (Sanchez 
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Huerta, 2016). 

Sahar et al. (2011b) compared the removal efficiency of several macrolide and 

sulfonamide antibiotics from sewage by CAS coupled with ultrafiltration (UF) membrane 

and by a pilot MBR system. Their results showed that removing antibiotics via the MBR 

system was 15-42% higher than that of the CAS system, but this advantage was reduced 

to a maximum of 20% when the UF was added to the CAS. Based on the above results, 

the author hypothesized that the membrane in both systems only contributed to 

biosorption removal of antibiotics rather than improvement in biodegradation (Sahar et 

al., 2011b). However, some researchers demonstrated that the membrane in MBRs 

systems could not only enhance the adsorption of toxicants onto suspended sludge, but 

also increase its biodegradation ability. This is because the longer SRT and the sludge 

with higher concentrations of biomass and more effective surface in MBRs permitted 

sufficient adaption for heterotrophs to degrade persistent pollutants and growth of slow 

growers such as nitrifiers (Galán et al., 2012; Sahar et al., 2011a). For example, the 

stubborn TCs in swine wastewater showed an absence of biodegradability since the 

biodegradation rates were -28% and -35% in activated sludge systems (Prado et al., 

2009a). Similarly, Göbel et al. (2007) demonstrated that the removal of SMX in MBR 

was significantly better than in conventional AS processes (80% and 60%, respectively), 

and biodegradation played a major role in the removal of SMX, while only a small portion 

of the removal was caused by biosorption (5% - 10%).  

2.3.5 Bioelectrochemical systems (BESs) 
Bioelectrochemical systems (BESs) compose of microbial metabolism and 

electrochemical redox reaction have attracted increased attention in recent years for 

pollutants removal and energy generation from wastewater simultaneously (Palanisamy 

et al., 2019). Microbial fuel cell (MFC) is one of the most studied BESs system, which 

uses organic matter in wastewater for producing bioelectricity. The basic configuration 

of MFCs can be roughly classified into double- or single- chamber reactors (see Figure 

2.2). 
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Figure 2.2 Basic configuration of MFCs: (a) Double chamber; (b) Single chamber. 

 

In the anode chamber of MFC, organic compounds in the wastewater are oxidated 

by anaerobic microorganisms with the release of electrons, protons and carbon dioxide 

(Al Lawati et al., 2019). The anode is used as an electron acceptor for anaerobic 

respiration of electrogenic biofilm bacteria. The produced electrons can transfer to the 

cathode electrode through external electric circuit with applied resister to make the 

generation of electricity. Meanwhile, cations, including protons, NH4
+ and other metal 

cations in wastewater pass through the cation-exchange membrane (CEM) to the cathode 

(Logan et al., 2006). In the cathode chamber of the double chamber MFC, the electrons 

are oxidized by oxygen (which externally supplied through the form of air) with the 

production of hydroxyls: 2H2O + O2 + 4e- → 4OH- (Ye et al., 2019a). 

Compared with conventional anaerobic reactors, MFCs exhibit high potential for 

treating wastewater containing antibiotics. Wang et al. (2015b) indicated that the removal 

efficiency of SMX in a double-chamber MFC was up to 99% after acclimation under 

batch running mode. The removal efficiency of sulfanilamide also could be reached 90% 

in 96 h in the anode camber of a double - chamber MFC, with was much higher than the 

control open-circuit reactor (58%) (Guo et al., 2016). The author also found that the 

antibiotic in the MFC showed positive effect on electricity generation at the studied 

concentration range (10 - 30 mg/L). Similar results have been found by Wu et al. (2020), 

who stated that SMX can be completely degraded in MFC without inhibiting the 

performance of MFC, meanwhile, the power density was increased by 18% by the 

addition of SMX (20 mg/L) in the anode chamber of MFC. The removal efficiency of 

tetracycline antibiotics in MFC was also higher than that achieved in a traditional 

anaerobic process (Yan et al., 2019). For example, Wang et al. (2017a) indicated that the 
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degradation efficiency of TC in a dual-chamber MFC and a traditional anaerobic reactor 

was around 79.1% and 14.9%, respectively. The degradation rates of TC in MFCs were 

31.6% higher than those in an open circuit control system. The degradation of OTC also 

could be enhanced in the MFCs (Yan et al., 2018). 

In addition, MFCs could be possibly integrated with other technologies for the 

removal of antibiotics. For instance, Zhang et al. (2016b) indicated that more than 99% 

of SMX and TC could be removal in a MFC coupled constructed wetland systems with 

the initial concentration of 800 μg/L. Sun et al. (2019) concluded that the OTC removal 

efficiency increased by 61% in comparison with that in the open-circuit control in a self-

sustained photo-bioelectrochemical fuel cell. The power generation was also increased 

by adding OTC to the anode chamber of the photo-bioelectrochemical fuel cell. Zhang et 

al. (2016a) studied the fate of SMX and TC in three-dimensional biofilm-electrode 

reactors and demonstrated that the removal efficiency of SMX and TC could achieve 88.9% 

- 93.5% and 89.3% - 95.6%, respectively. The antibiotics in MFC could be degraded to 

less harmful products compared to the biotoxic intermediate in traditional bioprocesses 

(Wang et al., 2016b). 

Moreover, the MFCs might have lower risk to the production and transfer of ARGs 

than those found in conventional wastewater treatment plants (Xue et al., 2019). The 

study by Yan et al. (2018) indicated that the normalized copy numbers of total ARGs 

(1.7364 copies/cell) and mobile genetic elements (0.0065 copies/cell) in MFCs were 

significantly lower than those in the control bioreactors. However, there are still limited 

researches focusing on the fate of ARGs in MFCs, more investigations are required. 

The biodegradation of anaerobic microorganisms coupled with electrical stimulation 

is a key mechanism for the biodegradation of antibiotics in MFCs (Guo et al., 2016). In 

the anode chamber, antibiotics act as electron donors and carbon sources for the 

exoelectrogenic microbes and the specific antibiotic degrading bacteria (Yan et al., 2019). 

Moreover, the transformation of antibiotics through microbial metabolism could be 

enhanced by the persistent electrical stimulation by providing electrons to the 

microenvironment (Wang et al., 2016b).  

As reviewed by Yan et al. (2019), the effect of the initial concentration of antibiotics 

on their removal efficiencies in MFCs is rather complicated. The removal efficiency of 

antibiotics could be inhibited, enhanced or unaffected by increasing their initial 

concentrations, which need further investigation in the future. Electrode materials are one 

of the important parameters for the performance of MFCs due to the formation of biofilm 
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on the electrode by microorganism for the transfer of electron (Jiang et al., 2018). 

However, the study on their effects on the removal of antibiotics is limited. More 

researches are necessary to investigate the connection between electrodes and microbes 

and the effect of electrode materials on the removal efficiency of antibiotics. The 

operating of MFCs under higher temperature might positive for the removal of antibiotics 

due to higher microbial activity. The research by Zhang et al. (2017a) explored the effect 

of temperature on the removal of chloramphenicol (CAP) in a MFC and concluded that 

the removal efficiency of CAP increased from 68.11% to 75.13% by increasing the 

temperature from 20℃ to 40℃.  

 

2.4 Comparison of different bioprocesses 
Table 2.6 compares the removal efficiencies of target antibiotics in different 

bioprocesses. Conventional treatment processes like AS and AD are widely used to 

eliminate traditional pollutants (e.g. COD and TN) from swine wastewater (Chen et al., 

2012; Zhang et al., 2006). Yet, as shown in Table 2.6, their removal efficiencies for 

antibiotics are limited compared those in CWs, MBRs and MFCs. Large fluctuations of 

the removal efficiencies of antibiotics in AS and AD processes were observed according 

to different operating conditions (e.g. HRT, SRT, pH and temperature). For example, in 

the optimum operating conditions, like prolonging HRT and SRT in tests, a high removal 

efficiency (>80%) could be achieved in conventional AS processes (Kim et al., 2005a; 

Yang et al., 2012b). However, it is obvious that operating costs for per unit volume of 

wastewater will definitely increase for extending HRT and/or SRT in wastewater 

treatment plants, besides, unlike in MBRs processes, HRT and SRT cannot be separated 

completely in conventional AS processes. According to the real conditions, the common 

values of SRT is not enough for the growth of antibiotics - biodegrading bacterium, 

meaning that target antibiotics cannot be well biodegraded in the conventional AS process 

(Ben et al., 2014). It has been confirmed by the removal of TC and tylosin from swine 

wastewater, that their biodegradation efficiencies were -28% to -35% and 4% to -5%, 

respectively (Prado et al., 2009a). Thus, biosorption removal plays a significant role in 

conventional treatment processes, which entails large amounts of antibiotics remaining 

in the excess sludge. In that case, large amounts of money and labour should be poured 

into sludge treatment, otherwise, secondary pollution will be leaded after being applied 

to land.  
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Table 2.6 Comparison of target antibiotics removal from different bioprocesses 
 

Bioprocesses Removal rate Advantages Disadvantages 

AS 

SMs: 0-93% 

1. Most widely used 

technology;  

2. High organic removal 

efficiency. 

1. Low biodegradability; 

2. Mainly through 

adsorption onto sludge; 

3. Secondary pollution; 

4. Polishing treatment is 

needed. 

TCs: -35% - 

100% 

Tylosin: -5% -

4% 

AD 

SMs: 8.3% -

31% 
1. Energy investment is low; 

2. Less sludge production; 

3. Generating biogas.  

1. Low biodegradability;  

2. High concentrations in 

effluent. 

TCs: 14.97% -

98.2% 

Tylosin: 75% -

99% 

CWs 

SMs:40% - 

87% 

1. Low costs; 

2. Simple construction and 

operation; 

3. High performance. 

1. Large land 

requirements;  

2. Highly dependent on 

local climate;  

3. Low or unstable 

performance in the start-

up period;  

4. Secondary pollution of 

groundwater. 

TCs: 90% - 

97% 

MBR-based 

processes 

SMs:80% - 

87.4% 

1. Flexibility in operation;  

2. Compact plant structure; 

3. Minimal sludge 

production;  

4. High biodegradability; 

5. Low energy requirement 

and biogas production for 

AnMBR. 

1. Fouling and clogging 

of membrane; 

2. High costs. TCs: 45.7% -

94% 



 

2-27 
 

MFCs  

SMs: 83.3% - 

99% 
1. Low energy consumption; 

2. Operated at various 

temperatures; 

3. Less sludge generation 

4. Electricity production 

1. Membrane fouling 

2. Still low power output 

 
TCs: 70% - 

99.5% 

 

 

 

Conversely, such drawbacks in conventional AS processes can be solved in MBRs 

processes, in which SRT and HRT can be increased independently (De Cazes et al., 

2014b). Therefore, the removal of antibiotics by biodegradation can be largely improved 

in MBRs. For example, 83.8% of 11 typical veterinary antibiotics could be removed from 

digested swine wastewater in the MBR and removal through biodegradation was the 

dominant mechanism (Song et al., 2017b). For most target toxicants, high and stable 

removal efficiencies (45.7% - 99%) are obtained in MBRs processes, especially in hybrid 

MBR processes (71.4% - 100%). Although the MBRs can also be influenced by the 

operating conditions, it is easy for MBRs to situate themselves in an ideal state. However, 

given that many of the world’s economies are now conscious about saving energy and 

resources, energy dissipation and membrane fouling in MBRs are the biggest challenges, 

which costs lots of energy and money on aeration, membrane cleaning and replacement. 

As an energy-efficient and environmentally friendly technology, AD processes are 

commonly used for treating wastewater originating from livestock farms. However, they 

are not efficient for treating high-strength and toxicant swine wastewater. As stated 

previously, the biodegradable removal of toxicants in anaerobic conditions is less efficient 

than in aerobic conditions, possibly due to the toxicity of antibiotics. For the hard 

adsorption removal compounds, SMs, only 8.3% - 31% were removed from swine 

wastewater in the AD process. The AnMBR process is a good alternative to the 

conventional AD processes and aerobic MBR process, since relatively low energy 

consumed and highly improved degradation capacity of the anaerobic bacteria in such a 

process. In contrast, 95% - 98% of SMX was removed from synthetic wastewater via the 

AnMBR system under optimal conditions and after the biomass adaptation period.  

Nonetheless, the widespread application of AnMBR in wastewater treatment is still 

restricted by membrane fouling problems. Fouling of the membrane decreases permeate 
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flux and in fact the membrane’s lifespan, and this leads to higher operating costs in 

regards to  energy requirements in order to reduce the fouling and membrane replacement 

(Lin et al., 2011a; Meng et al., 2009). As reported by Pretel et al. (2014), 85% - 90% of 

the energy consumption in AnMBR was related to the filtration and membrane fouling 

control processes. In both aerobic membrane bioreactors (MBRs) and AnMBRs, 

membrane fouling is caused by the undesirable deposition and accumulation of 

microorganisms, colloids, solutes, and cell debris in the pores and on the surface of the 

membrane (Guo et al., 2012; Le-Clech et al., 2006; Lin et al., 2013). Although the same 

membrane module is used in aerobic MBR and AnMBR systems, the latter system usually 

encounters more severe membrane fouling problems. Not only are the higher biomass 

concentrations and longer biomass retention times required in the AnMBRs, they work at 

lower membrane fluxes than the aerobic MBRs as well (Lin et al., 2013). For example, 

as reported by Di Bella et al. (2007), the membrane foulants in the AnMBRs are more 

difficult to remove than that in the aerobic compartment because of the different sludge 

properties. Lin et al. (2011b) found that the cake thickness in a submerged AnMBR was 

much higher than was reported in the aerobic MBR systems.  

Moreover, the presence of antibiotics in AnMBRs could accelerate the membrane 

fouling rate and shorten the membrane fouling cycle due to the effect of antibiotics on 

anaerobic sludge and the microbial communities in AnMBRs (Li et al., 2017; Zhu et al., 

2018b). For example, Zhu et al. (2018b) indicated that the membrane fouling cycle 

decreased from 25 days to 8 days with the addition of sulfamethoxazole (SMX) and 

tetracycline (TC) each at 100 μg/L, and further decreased to 4 days when the 

concentration of SMX and TC rose to 1000 μg/L in the reactor. As similar results have 

been confirmed by Li et al. (2017), the membrane fouling cycle was obviously short due 

to the presence of antibiotics (50 mg/L benzothiazole) in the feed wastewater in an 

integrated anaerobic fluidized-bed membrane bioreactor (AFMBR). In addition, the 

membrane fouling layer became denser and more compact as the level of antibiotic 

concentrations increased (Zhu et al., 2018b). Therefore, higher concentrations of 

antibiotics in the AnMBRs possibly result in higher operation and maintenance costs. 

Compared with the above market technologies, several authors reported that CWs 

processes are promising treatment technologies for removing antibiotics from swine 

wastewater because of their low cost, simple operation and high performance in removing 

conventional and toxic pollutants and pathogens. Choosing suitable substrate, plants, and 

CWs types is important for the proper functioning of CWs processes. VSSF-CWs systems 
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were regarded as the most efficient systems among three types of CWs. The high removal 

rate (>70%) of initially large concentrations of antibiotics can be obtained in such systems. 

Substrates, like red soil, zeolite, and brick were reported as being more suitable for the 

removal of antibiotics than oyster shell and volcanic rock. However, most research 

focused only on single classes of antibiotics, so further studies about their function on 

municipal classes of antibiotics should be conducted. In addition, drawbacks associated 

with CWs processes, such as large land requirements, high dependence on local climate 

and secondary pollution to groundwater cannot be neglected. Besides these issues, 

clogging may also occur near the inlet due to the high total suspended solid (TSS) load 

in swine wastewater. 

MFCs are regarded as an environmentally friendly and promising technology for 

wastewater treatment. Through the integration of microbial metabolism and continuous 

electrical stimulation, MFCs showed high potential for the treatment of swine wastewater 

containing antibiotics. Compared with conventional processes, the enhanced removal 

efficiencies of antibiotics was achieved in MFCs. Moreover, as reported by previous 

studies, MFCs have high effectiveness for recovering nutrients from wastewater, which 

is also significant for swine wastewater treatment (with high levels of nutrients). 

 

2.5 Future perspectives 
The risk of residual antibiotics in the environment has generated global concerns and 

this risk will continue due to the endless use of veterinary medicines on pigs. There are 

furthermore still no clear guidelines for utilizing veterinary medicines and management 

of swine wastewater treatment. Governments must establish the guidelines and discharge 

standards as soon as possible.  

In biological treatment processes, sorption and biodegradation simultaneously 

contributed to the removal of antibiotics from swine wastewater. However, for different 

classes of antibiotics, the contributions of sorption and biodegradation vary. It is closely 

related to their own physicochemical characteristics, operating conditions, adopted 

technologies, etc. Other studies have not clearly demonstrated the ratios of antibiotics 

removed by sorption and biodegradation. The toxicants removed by sorption still remain 

in the sludge, and can cause secondary pollution after sludge enter the environment. In 

order to decrease such secondary pollution, more studies are urgently required to clarify 

the contribution of sorption and biodegradation, respectively.  
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In addition, as the most important removal mechanism of toxicants, the specific 

degradation pathways and intermediates of biodegradation should be fully investigated in 

the future. As mentioned above, only a small fraction of antibiotics was completely 

oxidized into water and carbon dioxide. The majority of them were simply transformed 

into intermediates. Some research has reported that such intermediates are more harmful 

than their original forms. In order to improve the removal of toxicants from wastewater, 

the role and function of microorganisms in bioprocesses should also be considered. 

Although the biodegradation and detoxification of antibiotics and their intermediates 

could be enhanced in MFCs, the application of MFCs in swine wastewater containing 

antibiotics is limited in current research. The removal capacities and mechanisms, as well 

as the impact of antibiotics, ammonium and various environment factors on the 

performance of MFCs for treating swine wastewater should be further investigated in the 

future. Moreover, most of current researches only focus on the removal of individual 

antibiotics in the batch operating of MFCs. The research on the removal of multiple 

antibiotics in continuous flow MFCs is quite necessary for their large-scale application. 

As discussed in section 2.4, the combination of MFCs with other technologies should be 

a promising method for optimizing the removal of antibiotics in MFCs, which also 

requires being studied in the future research. 

 

2.6 Conclusion 
Swine wastewater has become a major pollution source of antibiotics because of the 

huge demand for pork and the high extraction rate through swine manure and urine. In 

biological treatment processes, such micro-pollutants are mainly removed through 

sorption and biodegradation, and biodegradation is the most important mechanism. The 

physicochemical characteristics of various antibiotics correlate with their degradation 

profile. TCs are relatively easily absorbed on activated sludge through electrostatic 

interactions and hydrophobic interactions. In contrast, SMs were mainly removed by 

biodegradation because of their low log Kow value (log Kow<2) and less electrostatic 

interaction with the activated sludge’s negatively charged surface. Co-metabolism by 

microorganisms is the major pathway for the biodegradation of antibiotics. Some 

microorganism strains have been isolated from sludge for the biodegradation of 

antibiotics. 

Conventional treatment processes are never complete and sorption is the major 
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removal pathway for most antibiotics, which means that large amounts of toxicants 

remain in the sludge. With particular reference to AD processes, the biodegradability of 

anaerobic bacteria needs to be improved. Although CWs processes do have several 

advantages and are more efficient than conventional treatment processes, their limits and 

drawbacks for wide application must be recognized. MBRs demonstrate much better 

performance and practicability than other technologies. Conversely, the membrane 

fouling, energy consumption and cost in conventional MBRs have to be considered. 

MFCs showed high and stable removal efficiencies of antibiotics in wastewater, which 

has been considered as a promising technology for treating swine wastewater containing 

antibiotics. Therefore, more studies on the performance of MFCs for the removal of 

antibiotics from swine wastewater and the optimization of this system required to be 

conducted in the future. 
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3.1 Introduction 
This chapter consists of materials, the compositions of synthetic swine wastewater, 

experimental design and setup, as well as analysis methods of samples in the series of 

experiments (Chapter 4 - 7) during the whole research period. In addition, the raw 

material, production method, and characterization methods for the specific biochar used 

in MFCs (in Chapter 7) were presented in this chapter. 

 

3.2 Materials 
3.2.1 Synthetic wastewater and anaerobic sludge 

Synthetic swine wastewater was prepared and used in the experiment of this research. 

In this study, glucose (C6H12O6) was used as an organic carbon source, ammonium 

chloride (NH4Cl) and potassium phosphate (KH2PO4) which containing nitrogen and 

phosphorus were used as source of nutrients. The synthetic swine wastewater mainly 

contained 3000 mg/L of chemical oxygen demand (COD) (provided by glucose), 223 or 

446 mg/L of NH4Cl, 66 or 132 mg/L of KH2PO4, as well as trace elements (as shown in 

Table 3.1). A stock solution was prepared for 5-days use and stored in a refrigerator at 5 

± 0.5 °C, in which the synthetic wastewater was obtained through diluting the stock 

solution with distilled water (DI water).  

Anaerobic sludge employed in this study was collected from the Cronulla 

wastewater treatment plant in New South Wales, Australia, and acclimated in an upflow 

anaerobic sludge blanket reactor with synthetic swine wastewater without the addition of 

antibiotics. The feeding solution was purged with nitrogen gas for 15 min and then 

adjusted to pH 7.5 ± 0.1 by employing NaHCO3 and H2SO4 solutions prior to pumping 

into the anode chamber. 

Table 3.1 Components of the synthetic swine wastewater 

Compounds 
Chemical 

formula 

Molecular 

weight (g/mol) 

Concentration 

(mg/L) 

Organics and nutrients    

Glucose  C6H12O6 180.0 2804 

Ammonium chloride NH4Cl 53.5 223/446 

Potassium phosphate  KH2PO4 136.1 66/132 

Trace nutrients    

http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen
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Magnesium sulphate  MgSO4·7H2O 246.5 54.3 

Calcium chloride  CaCl2·2H2O 147.0 4.0 

Zinc sulphate  ZnSO4·7H2O 287.5 4.7 

Ferric chloride  

anhydrous  

FeCl3 162.2 7.8 

Cupric sulphate  CuSO4·5H2O 249.7 4.2 

Yeast extract - - 321.4 

 

3.2.2 Targeted antibiotics and organic solvents 
Target antibiotics, including tetracycline (TC), oxytetracycline (OTC) 

chlortetracycline (CTC), sulfamethoxazole (SMX), sulfamethazine (SMZ) and 

sulfadiazine (SDZ) were purchased from Sigma-Aldrich, Australia. LC-MS grade 

acetonitrile and methanol used for sample preparation and liquid chromatography 

analysis were also obtained from Sigma-Aldrich, Australia. Stock solutions of TCs and 

SMs (1 g/L) were prepared by dissolving each compound in methanol, and stored at 

−15 °C in a refrigerator before use. The experimental solution was obtained by diluting 

the stock solution into the required concentrations.  
 

3.3 Experimental setup and operating conditions  
3.3.1 Batch experiments 

In this study, a series of batch experiments were conducted to investigate removal 

mechanisms of the selected antibiotics in anaerobic processes in 150 ml glass bottles with 

non-sterile and sterile sludge (0.15 g sodium azide (NaN3) was added into each bottle to 

inhibit the activity of anaerobic microorganisms). The design of this experiment is 

summarized in Table 3.2. The selected two classes of antibiotics (TCs and SMs) were 

spiked into the bottle separately with the initial concentrations of 300 μg/L and 100 μg/L, 

respectively. Following this, the glass bottles were completely sealed with rubber plugs 

and N2 was sparged for 2 min in each bottle to displace any oxygen present. The bottles 

were shaken on a thermostatic rotary shaker at 125 rpm and at room temperature (∼25 °C). 

The MLSS concentration was around 5000 mg/L in the reactor and pH = 7.5 ± 0.1. Based 

on experimental results derived from the first stage, the experiment on the biosorption 

and biodegradation mechanisms of antibiotics would be conducted in the following step. 

Control experiments, TCs and SMs solution without the addition of anaerobic sludge, and 
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anaerobic sludge without TCs and SMs were conducted to avoid their 

photodegration/adsorption on containers and their residue in the sludge. All experiments 

were conducted in duplicate. The sample (2 ml) collected from the bottle at each sampling 

time was centrifuged at a speed of 3500 rpm for 5 min. The supernatant was then filtered 

through a syringe filter (0.2 μm) before analysis.  

Table 3.2. Batch experiment design for behavior of antibiotics in anaerobic sludge 

Reactor Anaerobic sludge Wastewater Antibiotics NaN3 

R1/R1' + + TCs/SMs - 

R2/R2' + + TCs/SMs + 

R3/R3' - + TCs/SMs + 

R4 + + - - 

“R (1,2,3)” and “R’(1,2,3)” represented the reactor with the addition of TCs and SMs, 

respectively.  “+” indicated “with”, “-” indicated “without”. 

3.3.2 MFC system 
A double-chamber MFC made of plexiglass material was employed in this study, 

and the anode and cathode chamber have the same effective volume of 0.35 L. A 

cylindrical graphite felt (3 cm in diameter and 6 cm thickness) and a carbon-fiber brush 

(3 cm diameter and 3 cm length) served as the anode and cathode of MFC, respectively. 

Two chambers were separated by a cation exchange membrane (CEM) (CMI7000, 

Membranes International Inc., USA) and connected by a copper wire via a resistor of 

1000 Ω. At the start-up period, the anode chamber was inoculated by anaerobic and fed 

with synthetic swine wastewater without the addition of antibiotics until the COD 

removal efficiency was up to 90% and the voltage production was stable. In this research, 

the MFC was operated under self - circulating, single continual, and sequential anode-

cathode modes, respectively (see Figure 3.1).  
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Figure 3.1 The schematic of MFC operating under: (a) Self-circulating; (b) Single 

continual; and (c) Sequential anode-cathode modes 

 

Under the self-circulating operating mode of MFC, reactors were conducted in 

closed-circuit mode (MFC) (Figure 3.1 (a)) and open-circuit mode (OC) simultaneously. 
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The OC disconnects the anode and cathode chamber, which was regarded as the 

conventional anaerobic reactor. All reactors were conducted in batch running mode at 

room temperature (around 25℃). Synthetic swine wastewater was pumped into the anode 

chamber by a peristaltic pump and then self-circulated at a flow rate of 20 mL/min, which 

was replayed after each running circle (120 h). After the reactor achieved stable COD 

removal and voltage generation, 100 μg/L, 200 μg/L and 300 μg/L of SMs (SMX, SMZ 

and SDZ) were added to the synthetic swine wastewater and pumped into the anode 

chamber in the consecutive operating circles.  

In the continual running mode of MFC, the double-chamber MFC was operated 

under single continual mode (mode 1) (Figure 3.1 (b)) and sequential anode-cathode 

mode (mode 2) (Figure 3.1 (c)), respectively. In the single continuous operating mode 

(mode 1), the synthetic swine wastewater continuously flowed through the anode 

chamber via a peristaltic pump (Model 77202-60, Masterflex, Illinois, United States). 

Under this operating mode, DI water was supplied in the cathode compartment as 

catholyte. To further purify effluents of the anode chamber, the sequential anode-cathode 

mode (mode 2) was conducted. Under this operating method, effluent from the anode 

chamber served as a continuous influent of the cathode chamber to be further treated 

under aerobic conditions. Considering the large nutrients content in swine wastewater, 

the concentrations of NH4Cl and KH2PO4 were increased from 223 to 446 mg/L and 66 

to 132 mg/L, respectively, in the later operating mode (mode 3), to study their effect on 

antibiotics’ removal efficiency and MFC performance. The whole experiment was 

conducted at the HRT of 24 h and at room temperature (~25 °C). 

3.3.3 Biochar-MFC system 
A. Biochar production and modification 

Pomelo peel wastes were washed with distilled water and dried in an oven at 80 °C 

for 24 h, and following this they were crushed into small pieces prior to use. Prepared 

pomelo peels were pyrolyzed at 400 °C and 600 °C, respectively, for 2 h with a heating 

rate of 10 °C min−1 in a muffle furnace. The resulting sample was designated as BC-400 

and BC-600. The BC-400 was mixed with KOH (1:4), followed by carbonization at 

600 °C for 2 h in a muffle furnace with a heating rate of 10°C min−1. Biochar obtained 

from this activation was designated as BC-KOH, which was washed with 35% HNO3 for 

24 h and washed with distilled water until the pH value of the filtrate reaches 7.0 ± 0.2. 

Finally, the produced biochar was oven-dried at 80 °C for 24h. The particle sizes of BC-
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400, BC-600 and BC-KOH were sieved (<75 μm) for further use. 

B. Biochar adsorption experiments 

The simultaneous adsorption behavior of SMX, SDZ and SMZ onto BC-KOH were 

performed through batch experiments. The BC-KOH (100 mg/L) were added to flasks 

(50 ml) with the SMs concentration of 100 μg/L for each, and samples were collected at 

different time intervals until the adsorption reaches equilibrium (12h). To investigate the 

adsorption isotherm, the concentrations of SMs were 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. All 

experiments were performed in duplicate and the average values were calculated. 

C. Biochar – MFC system 

The biochar - MFC system was operated under the sequential anode-cathode mode 

of MFC with the working volume of 350 ml for the anode and cathode chamber, 

respectively. SMX, SMZ and SDZ (100 μg/L for each) were directly added into the 

synthetic swine wastewater after the COD removal efficiency was up to 90% or more and 

the voltage production was stable. During the whole experiment, the mixed liquor 

suspended solids (MLSS) concentration was around 5000 mg/L and 750 mg/L in the 

anode and cathode chamber, respectively, the HRT was kept at 24 h under room 

temperature (around 25 °C). 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 were stopped for two days. The entire experimental process was operated 

under the same condition. 

 

3.4 Analytical methods 
3.4.1 Antibiotics, organics, nutrients, pH, DO, electricity 

Samples collected from the influent/effluent of MFCs and batch experiments were 

filtered through a syringe filter (0.2 μm) which are made by hydrophilic 

polytetrafluoroethylene (Merck Millipore, Burlington, USA) to remove fine suspended 

material and any biomass, and stored in the refrigerator before analysing. 

A Phenomenex C18 column (Luna, 3.0 × 100 mm, 3 μm) was used at a constant 

temperature of 28°C to separate the antibiotics. Water and acetonitrile with 0.1% (V/V) 
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formic acid served as mobile phase A and mobile phase B, respectively. The LC gradient 

started with 30% of mobile phase B, which was retained for 7 min. Thereafter, the 

concentration of B increased to 95% and held for an equilibration time of 3 min. It was 

returned back to 30% over 3 min until the next injection. The flow rate was 0.4 mL/min, 

and the injection volume was 1 μL. Electrospray positive ion mode (ESI+) was used for 

the mass spectrometry operation. The multiple reaction monitoring (MRM) mode with 

two mass transitions was selected for the quantitation. The interface voltage was set at 

4.0 kV. The nebulizing gas and heating gas were using a flow rate of 3.0 and 10.0 L/min, 

respectively. The interface temperature was held at 300 ℃.  

The concentrations of COD, NH4
+-N and PO4

3--P concentration in the influent and 

effluent samples were determined based on the Standard Methods, by using the test kit 

HI93754B-25 (Hanna Instruments Australia, Melbourne, Australia) for COD, 100683 

and114848 (Merck Millipore, Burlington, USA) for NH4
+-N and PO4

3--P, respectively. A 

DO meter (OM-51, Horiba, Tokyo, Japan) was employed to check the DO concentration 

in the cathode chamber (maintained at 6 mg/L of DO during the operation). The cell 

voltage (U) generated during the experiment periods was detected by a universal digital 

meter (VC86E, Shenzhen City Station Win Technology Co. Ltd., Shenzhen, China). The 

solution pH during the experimental period was detected by a pH meter (HI9025, Hanna 

Instruments, Limena, Italy). 

3.4.2 Biochar characterization 
Surface morphology and elemental compositions of the prepared biochar were 

investigated using a scanning electron microscopy (SEM) and an energy dispersive 

spectrometer (EDS) (Zeiss Evo-SEM). Renishaw inVia Raman spectrometer 

(Gloucestershire, UK) was used to analyze the Raman spectra of the produced biochar. 

The functional groups present in the biochar were determined by Fourier transform 

infrared (FTIR) spectrometer (Miracle-10, Shimadzu) in the 4000 - 400 cm−1 range. 

Brunauer-Emmett-Teller (BET) analyzer (Quantachrome Autosorb IQ, USA) was applied 

to determine the surface area and pore size distribution of the biochar via 

adsorption/desorption isotherm of nitrogen at 77 K. Before adsorption measurements 

were taken, degassing of the sample was conducted under vacuum at 473 K for 6 h.  

3.4.3 Data calculation  

The amount of antibiotics adsorbed on biochar at time t (qt, mg/g) and equilibrium 

(qe, mg/g) was calculated by Eq. (3.1 - 3.2): 
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𝑞𝑡 =
(𝐶0−𝐶𝑡)×𝑉

𝑚
                                                                                                        (3.1)                                                        

𝑞𝑒 =
(𝐶0−𝐶𝑒)×𝑉

𝑚
                                                                                                        (3.2)                                                              

where C0, Ct and Ce are the concentrations of antibiotics at initial, at time t and 

equilibrium (mg/L); V is the volume of TCs solution (L); and m (g) is the amount of 

biochar used in study. 

For this study, the following adsorption kinetic models, i.e. pseudo-first-order (PFO), 

pseudo-second-order (PSO) (Eq. (3.3 - 3.4) were selected to assess the adsorption 

mechanisms between the interaction of the biochar and antibiotics. The equations and 

relevant parameters can be expressed as follows: 

q𝑡 = q𝑒(1 − exp(−𝑘1𝑡))                                                                                      (3.3)   

𝑞𝑡 =
𝑘2𝑞𝑒 

2 𝑡

1+𝑘2𝑞𝑒𝑡
                                                                                                             (3.4)                                                            

where, qt and qe (mg/g) are the amount of antibiotics adsorbed at time t (min) and 

equilibrium; k1 and k2 are the rate constants of the pseudo-first-order and pseudo-second-

order, respectively. 

Two classic adsorption models, Freundlich and Langmuir models, were utilized to 

fit the adsorption isotherms, which are written as follows (Eq. (3.5 - 3.6): 

𝑞𝑒 = 𝐾𝐹𝑐𝑒
1 𝑛⁄                                                                                                           (3.5)                                                        

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝑐𝑒

1+𝐾𝐿𝑐𝐿
, 𝑅𝐿 =

1

1+𝐾𝐿𝑐𝐿
                                                                                          (3.6)                                              

Where, qe is the adsorption capacity (mg/g) at equilibrium time; ce is the equilibrium 

concentration (mg/L) of TCs in solution; KF (mg(1−n)Ln/g) is Freundlich affinity 

coefficient indicating adsorption capacity; 1/n presents the adsorption intensity; qm is 

the maximum adsorption capacity (mg/g); cLis the lowest initial concentration (mg/L); KL 

(L/mg) is the Langmuir sorption coefficient related to the bonding force of adsorption; 

and RL is a dimensionless constant separation factor.  



 

 
 

 

 

 
 

 

 

CHAPTER 4 

Removal process and mechanism 

of antibiotics during anaerobic 

treatment of swine wastewater 
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4.1 Introduction 
Conventional small-scale swine husbandry has in recent decades been transformed 

into an intensive swine industry due to people’s increasing demand for meat (Feng et al., 

2017). To maintain the swine health and limit disease transmission and ensure that pigs 

can be kept in a high-density and closed system, veterinary antibiotics are widely used in 

swine farms to treat and prevent diseases (Sarmah et al., 2006). Moreover, antibiotics are 

usually used as feed additives to improve the growth rate and efficiency of pigs. However, 

antibiotics are poorly absorbed by pig guts, and around 70% - 90% of them are excreted 

via urine and faeces based on the used antibiotics’ compounds (Cheng et al., 2018b). 

Tetracycline antibiotics (TCs) and sulfonamide antibiotics (SMs) are the most widely 

used antibiotics on swine farms due to their low costs and broad range of activity (Hruska 

& Franek, 2012; Koike et al., 2007). As reviewed by Cheng et al. (2018b), TCs and SMs 

have been frequently detected in swine wastewater at concentrations of up to 316.5 μg/L 

and 685.6 μg/L, respectively. Therefore, swine wastewater is a significant source for the 

spread of TCs and SMs into the environment.  

The increasing presence of antibiotics in the environment could cause adverse 

outcomes for people’s health and ecological safety, which has become a major concern 

worldwide (Richardson & Ternes, 2005). Reports by previous researchers have stated that 

antibiotics can affect the composition, growth, respiration and enzyme activity of aquatic 

and terrestrial microorganisms (Brandt et al., 2015; Välitalo et al., 2017; Zhou et al., 

2013a). In addition, long-term exposure of antibiotics will generate antibiotic-resistant 

bacteria and antibiotic-resistant genes (ARGs), which have been considered as emerging 

contaminants (Zhang et al., 2009). In the water environment, ARGs can easily transfer 

to both human and animal pathogens through horizontal gene transfer, creating a severe 

health risk to humans and animals by greatly limiting the efficacy of antibiotics that have 

been developed to treat infectious diseases (Ma et al., 2018). For this reason, removing 

antibiotics from swine wastewater is now critical if the adverse effects of antibiotics and 

ARGs on the environment and human health are to be mitigated. 

The anaerobic treatment process is one of the mostly widely used technologies for 

high-strength swine wastewater, considering it is characterized by low power 

consumption and high energy recovery potential (Sakar et al., 2009). Although anaerobic 

treatment processes have been considered able to remove antibiotics to various extents, 

based on their type and concentration as well as operating conditions of the process, most 
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prior studies mainly considered the removal of antibiotics under aerobic conditions 

(Cheng et al., 2018b). Moreover, studies about the removal of antibiotics in anaerobic 

wastewater treatment processes only focused on their removal efficiency, while 

information about the removal mechanisms of different classes of antibiotics is still 

limited. Biosorption and biodegradation have been suggested as the two main 

mechanisms influencing the removal of antibiotics during biological wastewater 

treatment processes (Cheng et al., 2018b; Li & Zhang, 2010). Considering the further 

reuse of the effluent and waste sludge from anaerobic treatment processes of swine 

wastewater, it is essential to move from merely monitoring the removal efficiencies to 

understanding the bioadsorption and biodegradation of antibiotics during anaerobic 

treatment processes. Therefore, the objective of the present study was to: 1) investigate 

the fate of TCs and SMs during anaerobic treatment processes; and 2) determine the 

biosorption and biodegradation mechanism of selected antibiotics. 

A major part of Chapter 4 has been published as a journal article in ERA A-rated 

journal: 

 

 

 

 

4.2 Materials and methods 
4.2.1 Materials 

The synthetic swine wastewater, anaerobic sludge and target antibiotics used in this 

study is described in Chapter 3, Section 3.2 

4.2.2 Experimental setup and operating conditions 
Batch experiments conducted in this study has been given in Chapter 3, Section 3.3.1. 

4.2.3 Analytical method 
Analytical method is described in Chapter 3, Section 3.4.1.  

 

4.3 Results and discussion 
4.3.1 Removal of TCs and SMs in anaerobic sludge reactors 

The concentration variation of the selected antibiotics in the anaerobic reactor during 

the 120 h experimental period is presented in Figure 4.1 (a), which reveals that a similar 

Cheng, D., Ngo, H.H., Guo, W., Chang, S.W., Nguyen, D.D., Liu, Y., Shan, X., 

Nghiem, L.D. and Nguyen, L.N., 2020. Removal process of antibiotics during 

anaerobic treatment of swine wastewater. Bioresource Technology, 300, p.122707. 
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removal trend and efficiency was found for TCs in the anaerobic reactor with non-

sterilized and sterilized sludge. All of TCs can be rapidly and significantly removed in 

reactors with activated and sterilized sludge. Thus, the major removal route for TCs in 

the anaerobic reactor was adsorption rather than biodegradation. TCs were adsorbed onto 

the anaerobic sludge immediately after they made contact with the anaerobic sludge (>90% 

in the first 30 min), possibly due to the abundance of active sites on the adsorbent’s 

surface. The rapid and strong adsorption of TCs onto solid matter during anaerobic 

digestion of animal manure or aerobic sludge has been reported by other researchers 

(Álvarez et al., 2010a). For instance, Huang et al. (2012a), Prado et al. (2009a) and Kim 

et al. (2005b) found no biodegradation of TCs in the aerobic activated sludge system, and 

sorption contributed to be the principal removal mechanism. As shown in Figure 4.1 (a) 

and (c), the removal mechanism and efficiency of TC, CTC and OTC were quite similar 

in the anaerobic reactor, although they belong to different subclasses of TCs. 

 
Figure 4.1 The concentration variation of TCs (a) and SMs (b); and their removal 

efficiency (c) in the reactor with non-sterile and sterile anaerobic sludge. 

 

The concentration of SMs in the reactor with the activated sludge deceased gradually 

while the change in the concentration was almost negligible in the reactor with the 
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sterilized sludge (Figure 4.1(b)). This outcome reflected the fact that the continual 

reduction of SMs is attributed to biodegradation by anaerobic microorganisms. Similar 

results have been found for the biodegradation of SMs in aerobic sludge processes in 

other studies (Yang et al., 2011a; Yang et al., 2012a). They explained that SMs with low 

n-octanolewater distribution coefficients (log Kow) have high water solubility and their 

adsorption onto activated sludge was negligible. According to the pKa1 and pKa2 values 

of SMs (1.85, 5.6 for SMX, 2.07, 7.65 for SMZ, 1.57, 6.5 for SDZ, respectively), the 

predominant species of SMs would be in the form of anion at the study pH of 7.5. Thus, 

SMs adsorb less due to electrostatic repulsion by the negatively charged surface of the 

anaerobic sludge (Cheng et al., 2018b; Oberoi et al., 2019). Similar to SMs, TCs also 

have low log Kow and high-water solubility, so that their adsorption onto the activated 

sludge was not caused by hydrophobic interactions. Conversely, based on the pKa values 

of TCs (3.32, 7.78, 9.58 for TC, 3.22, 7.46, 8.94 for OTC, and 3.33, 7.55, 9.33 for CTC, 

respectively), they could exist in a neutral form at pH 7.5 that was more amenable to 

adsorptive removal via electrostatic interactions between the zwitterionic species and 

negatively charged surface of biological sludge (Oliveira et al., 2019; Wang et al., 2015a). 

4.3.2 Adsorption process of TCs onto anaerobic sludge 
To investigate the adsorption process of TCs onto anaerobic sludge, a series of 

batch adsorption experiments were conducted in 150 ml glass bottles with 100 ml sterile 

sludge to avoid the biodegradation of TCs. The glass bottles were shaken in an orbital 

shaker at 125 rpm. An experiment for the kinetics study was done by using 300 μg/L of 

TCs adsorbed onto different amounts of anaerobic sludge (MLSS = 1000, 2000 and 3000 

mg/L). The variation in adsorption capacity of anaerobic sludge at different times is 

presented in Figure 4.2. For isotherm studies, experiments with varying initial 

concentrations (50, 100, 200, 300, and 500 μg/L) were conducted. Control experiments 

at the same initial TCs concentration without the addition of sludge were also prepared 

under the same laboratory conditions and no significant loss was documented. Based on 

the results of the kinetics experiments, the biosorption of TCs on anaerobic sludge could 

reach equilibrium within 12 h, the aqueous TCs’ concentrations changed very little once 

adsorption equilibrium had been achieved. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/incubation
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Figure 4.2 Adsorption kinetics data and fitted modes of tetracycline (TC) (a), 

chlortetracycline (CTC) (b) and oxytetracycline (OTC) (c) onto different concentrations 

of anaerobic sludge 

 

In the present study, pseudo-first-order and pseudo-second-order equations were 

separately used for the regression of the adsorption process of TCs onto anaerobic sludge. 

The experimental results are summarized in Figure 4.2 and Table 4.1, which fit well to 

the pseudo-second-order equation with higher correlation coefficients than the pseudo-

first-order model. Meanwhile, the theoretical values of qe calculated from the pseudo-

second-order model correspond well with the experimental qe values. Thus, the pseudo-

second-order model is more suitable to describe the behavior of the adsorption process 

than the pseudo-first-order kinetic model. This is consistent with the results of previous 

studies that investigated the adsorption of TCs onto anaerobic and aerobic sludge (Huang 

et al., 2012a; Li et al., 2013). Such results suggested that: firstly, chemisorption may be 

the rate-limiting step; and secondly, the sorption capacity was proportional to the number 

of available active sites on the sorbent. The process involves exchange or sharing of 

electrons mainly between cation and functional groups (hydroxyl and carboxyl groups) 



 

4-6 
 

of the biomass cell (Michalak et al., 2013). Moreover, the increase of the pseudo-second-

order rate constant (k2) was observed when the sludge concentration changed from 1000 

mg/L to 3000 mg/L, which might due to the available adsorption sites increased with 

increasing amount of adsorbent. However, the equilibrium adsorption capacity of 

anaerobic sludge decreased when the initial sludge concentrations at the same initial 

concentration of TCs were increased (Figure 4.2). A possible explanation for this is that 

the increase in adsorption sites resulted in unsaturated adsorption surfaces at a constant 

amount of TCs (Mihciokur & Oguz, 2016). 

 

Table 4.1 Kinetic and isotherm models and parameters for the adsorption of tetracycline 

antibiotics onto anaerobic sludge 

Model Parameter 
TCs 

TC OTC CTC 

Pseudo-first-

order kinetics 

𝑞𝑒 

38.59 a , 

11.32 b, 

4.51 c 

32.27 a , 

4.57 b, 

1.88 c 

56.89 a , 

17.34 b, 

9.04 c 

𝑘1 

0.0085 a, 

0.0074 b, 

0.0081 c 

0.01 a , 

0.0075 b, 

0.0063 c 

0.0082 a , 

0.0064 b, 

0.0073 c 

R2 

0.9138 a, 

0.8063 b, 

0.9294 c  

0.9644 a , 

0.6324 b, 

0.8069 c 

0.8959 a , 

0.8015 b, 

0.8688 c 

Pseudo-second-

order kinetics 

𝑞𝑒 

285.5 a, 

147.06 b, 

99.01 c 

294.12 a , 

147.06 b, 

99.01 c 

285.71 a , 

147.06 b, 

98.04 c 

𝑘2 

0.0015 a, 

0.005 b, 

0.0132 c 

0.002 a , 

0.0113 b, 

0.0276 c 

0.001 a , 

0.003 b, 

0.0064 c 

R2 

1.0 a, 

1.0 b, 

1.0 c 

1.0 a , 

1.0 b, 

1.0 c 

0.9999 a , 

0.9999 b, 

1.0 c 

Langmuir 
𝐾𝐿 0.34 0.49 0.28 

𝑞𝑚 169.49 185.19 185.19 
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R2 0.9446 0.9598 0.9676 

Freundlich 

𝐾𝐹 36.3 52.34 35.47 

1/n 0.707 0.703 0.690 

R2 0.9760 0.9902 0.9933 

 a: 1000 mg/L MLSS, b: 2000 mg/L MLSS; c: 3000 mg/L MLSS. 

 

Langmuir and Freundlich isotherm models were used to evaluate the adsorption data 

of TCs onto anaerobic sludge. The Langmuir equation assumes that the adsorption covers 

the homogeneous surface of adsorbent and the adsorbate molecules are non-interactive, 

while the Freundlich isotherm is suitable for adsorption on a heterogeneous surface, 

which assumes that the adsorption occurs at available sites on the surface with a different 

free energy (Ayawei et al., 2017). As shown in Table 4.1 and Figure 4.3, the Freundlich 

model with a larger correlation coefficient (R2=0.976 - 0.993) fits better to the 

experimental data than the Langmuir model (R2=0.945 - 0.968), suggesting that the 

adsorption of TCs onto the anaerobic sludge is a complex heterogeneous surface 

adsorption. The heterogeneous structure of extracellular polymeric substances (EPS) 

produced by activated sludge may affect the adsorption process (Song et al., 2014). As 

well, the 1/n values obtained by the Freundlich model are lower than 1.0, which means 

that TCs’ adsorption on anaerobic sludge is a favorable process (Ahmed, 2017). 

 

Figure 4.3 The adsorption isotherms of tetracycline (TC), chlortetracycline (CTC), and 

oxytetracycline (OTC) onto anaerobic sludge. 
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4.3.3 Degradation of SMs in anaerobic sludge 

As shown in Figure 4.1 (b), the removal of SMs in the anaerobic sludge is due to the 

role of biodegradation. The experiment on the biodegradation kinetics of SMs was also 

explored in batch experiments. The initial SMs concentrations were 100, 200 and 300 

μg/L, respectively, under the pH of 7.5 ± 0.1 and at room temperature for 120 h. 

According to the removal efficiency vs. time profiles (shown in Figure 4.4 (a)), the 

concentration of SMX, SDZ and SMZ decreased steadily in the first 72 h of the 

experiment, with the removal efficiencies being 84.2% - 91.0%, 5.5% - 21.1% and 18.3% 

- 25.3% in 72 h, respectively. During this experimental period, the degradation ratio of 

SMs in anaerobic sludge was in the order of SMX>SMZ>SDZ, with the values of 97.4% 

- 98.9%, 12.0% - 31.2% and 23.9% - 33.5%, respectively. 

The biodegradation data of SMX, SDZ and SMZ in anaerobic sludge were analysed 

by using the first-order kinetic model, as shown in the following kinetic formula: 
𝑑𝐶

𝑑𝑡
= −𝑘1 ∙ 𝐶 ↔ 𝐶𝑡 = 𝐶0 ∙ 𝑒−𝑘1∙𝑡 

Where, C0 is initial concentration of the antibiotic added in the sludge; Ct is 

concentration of the antibiotic at time t; and k is the degradation rate constant. Using this 

equation, half-lives, t1/2 can be calculated as (DT50=ln 2/k). 

The degradation of SMX, SDZ and SMZ in anaerobic sludge fitted well with the 

first-order reaction kinetic model, with all R2 values ranging from 0.84 - 0.99, as 

presented in Figure 4.4 and Table 4.2. 
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Figure 4.4 (a) Removal efficiencies of sulfonamide antibiotics and COD in the 

anaerobic reactor; First-order biodegradation kinetic model of sulfamethoxazole (SMX) 

(b), sulfadiazine (SDZ) (c) and sulfamethazine (SMZ) (d). 

 

Table 4.2 Degradation rate constants (k1) and half-lives (t1/2) of the three sulfonamide 

antibiotics in anaerobic reactor 

Antibiotic  
Initial concentration 

(μg/L) 
k1(h-1) R

2
 DT50 (h) 

SMX 

100 0.0397 0.9861 17.45963 

200 0.0306 0.9881 22.65187 

300 0.0337 0.983 20.56817 

SDZ 

100 0.0031 0.9826 223.5959 

200 0.0012 0.9352 577.6227 

300 0.0013 0.8659 533.1901 
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SMZ 

100 0.0034 0.9695 203.8668 

200 0.0021 0.8946 330.0701 

300 0.0020 0.8357 346.5736 

 

Comparatively, the degradation rate of SMX appeared to be much faster than that of 

SDZ and SMZ, of which more than 50% can be degraded in less than 23 h. SDZ and SMZ 

showed a persistent ability to be degraded in anaerobic sludge with the DT50 values of 

223.6 - 577.6 h and 203.9 - 346.6 h, respectively, with the initial concentration of 100-

300 μg/L. The fast and large removal of SMX also has been detected in previous research 

studies. For example, Feng et al. (2017) and Mohring et al. (2009) concluded that the 

SMX in swine manure was almost 100% degraded and rapidly. Larcher and Yargeau 

(2012) also indicated that the removal rate of SMX could achieve > 99% with both low 

and high initial SMX concentrations. Feng et al. (2017) found no biodegradation for SDZ 

during anaerobic digestion of swine manure. The persistence of SMZ during anaerobic 

fermentation was also found by Mohring et al. (2009), who discovered that 100% of the 

initially measured concentration of sulfamethazine (SMZ) could still be detected after a 

34 - day fermentation period. The different functional group of SMX, SMZ and SDZ may 

contribute to their varying degradation rates. Yang et al. (2016) explained that functional 

groups may contribute electronegativity effects that inhibit the degradation of SMZ and 

SDZ by influencing their interaction with the microbes.  

The initial concentration of antibiotics wielded some effects on the degradation rate 

of SMs, and the degradation would be slower at a higher exposure level (Shen et al., 

2018). In the present study, all of these three antibiotics with the initial concentration of 

100 μg/L revealed the lowest DT50 values, whereas higher concentrations of antibiotics 

(200 μg/L) caused a lower degradation rate and longer persistence. The review paper by 

Cheng et al. (2018a) indicated that higher dosages of antibiotics showed more inhibition 

of microbial activity which in turn inhibited the degradation of SMs. Yang et al. (2016) 

also suggested that degradation kinetics of SMs depended on the initial concentrations 

and removal rates would be slower at a higher concentration. However, the removal 

efficiency and degradation rate of SMs only indicated a slight change when increasing 

the concentration from 200 to 300 μg/L, which means the microbial community in 

anaerobic sludge could adapt to the presence of SMs. As well, microorganisms in 

anaerobic sludge that are able to degrade SMs might be enriched by increasing the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/functional-group
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/functional-group
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/micro-organism
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concentration of SMs (Cycoń et al., 2019).  

Co-metabolism is regarded as an important mechanism for the biodegradation of 

antibiotics in the biological wastewater treatment process (Cheng et al., 2018b; Oliveira 

et al., 2016b). In this study, batch experiments were conducted with different initial 

concentrations of COD to investigate the effect of COD on the biodegradation of SMs in 

anaerobic reactors. Different COD concentrations in the reactor were obtained by diluting 

the stock solution of synthetic swine wastewater to 1500, 1800, 2700 and 4500 mg/L, 

respectively. The experiment was run under the same conditions with the above 

experiment by using 100 μg/L of SMX, SMZ and SDZ, respectively. As shown in Figure 

4.5, the enhanced removal of SMs has been observed by increasing the COD 

concentration from 1500 to 2700 mg/L. By the end of 120 hours reaction, the efficiencies 

in removing SMX, SMZ and SDZ rose, respectively, from 76.06% to 98.69%, 10.58% to 

32.53%, and 11.17% to 30.65%. Thus, an increasing trend was observed for the 

biodegradation of SMs in the anaerobic reactor by increasing COD concentrations, 

although a slight decline was found when the COD concentration further increased to 

4500 mg/L. This finding indicated that the presence of easily biodegradable substrates, 

such as glucose used in this study, could enhance the biodegradation of SMs, which 

suggested the degradation mechanism of cometabolism. What was observed in this 

study agrees with previous recent analyses by Oliveira et al. (2016b) and Oliveira et al. 

(2019), who demonstrated that the addition of readily available organic matter enhanced 

the removal efficiency of SMZ in anaerobic treatment processes. 
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Figure 4.5 Removal efficiencies of sulfamethoxazole (SMX), sulfadiazine (SDZ) and 

sulfamethazine (SMZ) in the anaerobic reactor with different concentrations of COD. 

 

Additionally, a clear correlation between COD consumption and SMs removal can 

be observed from Figure 4.4 (a). The removal rate of SMs is positively correlated with 

the consumption of COD, and more COD was consumed when achieving higher 

removal efficiencies of SMs. Oliveira et al. (2017) and Alvarino et al. (2014) also 

observed a linear relationship between COD removal rate and the biodegradation rate of 

SMs during anaerobic processes. These results also reflected the cometabolic 

biodegradation of SMs in anaerobic processes. As displayed in Fig 4.4 (a), the removal 

efficiency of COD fell from 58.76% to 51.65% by increasing the initial concentration 

of SMs from 100 to 200 μg/L, which dropped to only 18.82% when 300 μg/L of SMs 

was added to the reactor. The degradation of organic pollutants in anaerobic treatment 

processes is reliant on the synergistic cooperation of various microbial groups forming a 

metabolic network (Stams, 1994). Thus, the decline in the COD removal efficiency may 

result from the inhibition effect of SMs on microbial activity under higher 

concentrations. However, the removal efficiency of SMs was not limited by raising their 

initial concentrations from 200 to 300 μg/L. This finding indicated that the cometabolic 

biodegradation of SMs was determined specifically by cometabolism instead of the 

https://www-sciencedirect-com.ezproxy.lib.uts.edu.au/topics/engineering/biodegradation
https://www-sciencedirect-com.ezproxy.lib.uts.edu.au/topics/engineering/organic-waste
https://www-sciencedirect-com.ezproxy.lib.uts.edu.au/topics/engineering/microbial
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overall metabolism, which was caused by specific groups of microorganisms. Similar 

results were concluded by Barret et al. (2010), and these authors demonstrated that the 

cometabolic biodegradation of pharmaceutical compounds would be mainly affiliated 

with specific metabolic stages of the whole biodegradation process. Oliveira et al. (2017) 

also indicated that the micropollutant transformation is expected to be associated with 

particular metabolic pathways. This is consistent with a cometabolic transformation 

caused by the non-specificity of specific enzymes that occasionally convert the 

micropollutant along with its main substrate. 

 

4.4 Conclusion 
In this chapter, the removal mechanism of TCs and SMs in anaerobic sludge was 

investigated and found that TCs were removed through adsorption of anaerobic sludge 

while SMs were eliminated through biodegradation. Meanwhile, the adsorption kinetics 

and isotherms of TCs, and the degradation kinetics of SMs in anaerobic sludge was 

explored in present study. The adsorption of TCs onto the anaerobic sludge fitted well 

with the pseudo-second kinetic mode and the Freundlich isotherm, suggesting the 

importance of a heterogeneous chemisorption process. The degradation of SMs in 

anaerobic processes fitted well to the first-order kinetic model. SMX was the most easily 

biodegradable antibiotic with the lowest DT50 values. The degradation of SMs occurred 

via the cometabolism triggered by specific microbial communities. Higher levels of SMs 

exposure would inhibit microbial activity in anaerobic sludge to prolong their persistence. 

https://www-sciencedirect-com.ezproxy.lib.uts.edu.au/topics/social-sciences/enzymes
https://www-sciencedirect-com.ezproxy.lib.uts.edu.au/topics/earth-and-planetary-sciences/transformation-mathematics
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5.1 Introduction 
The occurrence and accumulation of antibiotics in the environment has attracted 

widespread attention worldwide, due to their harmful effects on the ecosystem and 

contribution to cause antibiotic resistance (Singh et al., 2019). Such resistance can reduce 

or eliminate the effectiveness of antibiotics to treat infectious diseases, since multidrug-

resistant bacteria with strong resistance to various antibiotics could lead to untreatable 

diseases and endanger human health (Ma et al., 2018). The discovery of multidrug-

resistant bacteria in the environment has reported earlier (Lee et al., 2018). Antibiotics, 

as the contributor to the development of antibiotic resistance, have positive effects on the 

accumulation and spread of ARGs in the environment (Cheng et al., 2019b).  

Swine wastewater is an important source of antibiotics in the environment, owing to 

large amounts of antibiotics used as drugs and feed additives in swine industries. 

Sulfonamides (SMs) are one of the oldest and most widely used antibiotics in swine 

farms considering their low cost and relative efficacy in some common bacterial 

diseases (Broll et al., 2004). As the increase of the global population and the demand of 

pig products, the consumption of SMs will continue to increase in future. Therefore, a 

variety of treatment technologies, including biological, physiochemical and 

bioelectrochemical systems, have been conducted by researchers to remove antibiotics 

from wastewaters (Homem & Santos, 2011). Among these technologies, the microbial 

fuel cell (MFC) is receiving increasing attention due to its advantages of effective removal 

of organic matters, moderate operating condition, low sludge production, and power 

production (Lovley, 2008). The effectiveness of MFC for enhancing the removal of 

refractory organic pollutants such as pesticides, toluene, phenol, indole, and azo dye from 

wastewater has been proved previously (Huang et al., 2011). 

Although all SMs have the same mechanism of action, there are significant 

differences in activity and antibacterial spectrum due to the various physiochemical 

characteristics of SMs. Therefore, sulfonamide combinations are usually used as feed 

ingredients in swine production instead of individual sulfonamide, resulting in the 

residual of sulfonamide combinations in swine wastewater. Unfortunately, most of 

current researches only pay attention to the removal of individual sulfornamide in MFC, 

few studies focused on the removal and degradation kinetic of the simultaneous 

sulfamethoxazole (SMX), sulfamethazine (SMZ) and sulfadiazine (SDZ) from swine 

wastewater in MFC (Wang et al., 2018a; Wu et al., 2020). Moreover, the combined 
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antibiotics may show more serious inhibition to the performance of bioreactors than the 

individual one (Cheng et al., 2018a). Hence, this study aimed to explore the effect of 

different concentrations of sulfonamide combinations on the electricity generation and 

organic matters removal in a double-chamber MFC. The removal efficiency and 

degradation kinetics of sulfonamide combinations (SMX, SMZ and SDZ) in the MFC 

were also studied in the present study.  

A major part of Chapter 5 has been published as a journal article in ERA A-rated 

journal: 

 

 

 
 

5.2 Materials and methods  
5.2.1 MFC construction and inoculation 

The double - chamber MFC used in this study is described in Chapter 3, Section 

3.3.2. The system was operated under the self-circulating operating mode of MFC. The 

anode chamber was inoculated by anaerobic sludge collected from a pilot scale anaerobic 

digester and fed with synthetic swine wastewater (3000 mg/L COD, 223 mg/L NH4Cl, 66 

mg/L of KH2PO4, 54 mg/L MgSO4·7H2O and 4 mg/L CaCl2·2H2O). The synthetic swine 

wastewater was adjusted to pH 7.5 ± 0.1 and purged with N2 gas for 15 minutes before 

fed to the anode chamber. Meanwhile, the cathode chamber was filled with distilled water 

and purged with air continuously to maintain the dissolved oxygen (DO) concentration 

of 6 mg/L.  

5.2.2 Experimental design and operation  
In order to investigate the removal efficiency of SMs in MFC and compare the 

different from open-circuit mode, reactors in this study were conducted in closed-circuit 

mode (MFC) and open-circuit mode (OC) simultaneously, as described in Chapter 3, 

Section 3.3.2. Samples from the MFC and OC were collected respectively at different 

operating times, and filtered by syringe filter (0.2μm) before testing. 

 

5.2.3 Data analysis 
Data analysis is described in Chapter 3, Section 3.4.1.  

Cheng, D., Ngo, H.H., Guo, W., Lee, D., Nghiem, D.L., Zhang, J., Liang, S., Varjani, 

S. and Wang, J., 2020. Performance of microbial fuel cell for treating swine 

wastewater containing sulfonamide antibiotics. Bioresource Technology, p.123588. 



 

5-3 
 

 

5.3 Results and discussion 
5.3.1 Impacts of SMs on power generation of MFC 

The voltage generation under different initial concentrations of SMs is presented in 

Figure 5.1. The stable voltage output was achieved before SMs were added into MFC 

with the average value of 551.1 mV, which indicates the enrichment of exoelectrogenic 

bacteria on the anode surface and the successful start-up of the MFC. From Figure 5.1, 

the average voltage was 555.1 mV and 536.4 mV after the injection of 100 μg/L and 200 

μg/L of SMs into the MFC in successive operating cycles. Stable voltage production was 

observed during the operating period, which reflected that microorganisms in the anode 

chamber have a strong tolerance to SMs. A slight increase of the voltage production 

(average of 583.6 mV) was observed by further increasing the initial concentration of 

SMs to 300 μg/L. Wu et al. (2020)’s research also found that the presence of SMX in the 

anode of MFC enhanced the abundance of exoelectrogens, and increased the power 

density by 18%. The study by Wen et al. (2011) also revealed that the addition of 

ceftriaxone in MFC had positive effects on the production of electricity.  
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Figure 5.1 The voltage generation under different initial concentrations of SMs in MFC 
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It is clear that the electricity production in the MFC system was through the 

oxidation of organic matters by the biocatalysis of microorganisms. During this process, 

the produced electrons were transferred from the cell to the anode electrode and then 

flowed to the cathode through an external circuit to produce electricity. Therefore, the 

electricity generation in MFC was determined by the activity of exoelectrogenic bacteria 

and the transfer of electron between bacterial cells and electrode. Based on such 

mechanism of electricity production, it is suggested that the addition of SMs to 300 μg/L 

in the MFC might improve the activity of exoelectrogenic bacteria and or the ability of 

electrons transfer from microbe cell to the anode.  

5.3.2 Impacts of SMs on COD removal in MFC 
As for practical application, the performance of MFC on the removal of organic 

matters from swine wastewater and the effect of antibiotics on their removal were also 

important. Hence, the removal efficiency of COD in MFC and OC under different SMs 

concentrations was monitored and the results were displayed in Figure 5.2. As observed 

from Figure 5.2 (a), the degradation rate of COD decreased by increasing the initial 

concentration of SMs, which reflected that higher concentrations of antibiotics showed 

more inhibition to the anaerobic microbes. This finding is consistent with previous reports 

(Cheng et al., 2018a). High COD removal efficiencies were achieved in both MFC 

(98.85%) and OC (94.21%) before the addition of SMs into the reactor (Figure 5.2 (b)). 

By adding 100, 200 and 300 μg/L of SMs into the reactor, the overall removal efficiency 

of COD in MFC was quite stable (95.28% - 98.66%) while its removal in OC greatly 

reduced to 58.72%, 51.65% and 18.82%, respectively. The high and stable degradation 

efficiency of organic matters in MFC systems was also found by the addition of other 

types of antibiotics in MFC (Wang et al., 2018a; Wen et al., 2011; Zhou et al., 2018). This 

result indicated that MFC could eliminate the toxic of SMs to microorganism, which has 

great potential to be used for the treatment of wastewater containing antibiotics. The high 

and stable removal efficiency of COD in MFC with the addition of SMs was consistent 

with the stable electricity production. 
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Figure 5.2 The removal efficiency of COD in MFC and OC under different SMs 

concentrations 

 

5.3.3 Degradation of SMs in MFC 
The concentration change and removal efficiency of SMX, SMZ and SDZ in MFC 

and OC under the initial concentration of 100, 200 and 300 μg/L were presented in Figure 

5.3. It is observed that MFC revealed higher and faster removal for all the SMs than those 

in OC under all the initial concentrations. Xue et al. (2019) and Song et al. (2018) also 

found the rapid removal of SMX and SDZ in MFC and their low residual concentrations 

in MFC effluent in comparison with the effluent from OC. The possible reason is that the 

stimulation of electron transfer could enhance the growth of microorganisms and the 

microbial metabolisms in the anode of MFC (Cao et al., 2015; Zhang et al., 2017a). Based 

on the study previously, the removal of SMs in anaerobic reactors is attributed to the 

biodegradation of microorganisms (Cheng et al., 2020). The degradation of SMX, SDZ 

and SMZ in MFC followed the first-order kinetic reaction model and the parameter was 

summarized in Table 5.1. 
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Figure 5.3 The concentration change and removal efficiency of SMs in MFC and OC 

at different initial concentrations. 

 

Table 5.1 Fitting Results of SMX, SDZ and SMZ degradation in MFC using the first-

order kinetic model 

Kinetic formula Antibiotic 

Initial 

concentration 

(μg/L) 

K R2 DT50 (h) 

 
𝑑𝐶

𝑑𝑡
= −𝑘1 ∙ 𝐶 

↔ 𝐶𝑡

= 𝐶0 ∙ 𝑒−𝑘1∙𝑡 

 

SMX 

100 0.045 0.999 15.79 

200 0.045 0.996 15.44 

300 0.033 0.953 20.88 

SDZ 

100 0.0053 0.864 129.81 

200 0.001 0.906 693.15 

300 0.0049 0.993 142.04 

SMZ 

100 0.00889 0.975 78.68 

200 0.00309 0.970 228.76 

300 0.00399 0.992 177.28 
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High removal efficiency of SMX can be achieved in MFC (>99%) at all tested 

concentrations, and its degradation rate was faster than the degradation of SDZ and SMZ, 

with much higher degradation rate constant (K) and lower time for the degradation of 50% 

SMs (DT50) (Table 5.1). The effective performance of MFC for removing SMX was also 

reported by the study of Xue et al. (2019) and Wu et al. (2020), the author indicated that 

SMX could be completely degraded into less harmful byproducts without affecting the 

performance of MFC and its removal was less affected by the initial concentration. 

Comparatively, the removal efficiency of SDZ and SMZ was in the range of 13.39% to 

66.91% and 32.84% to 67.21% at the studied concentrations. The research by Harnisch 

et al. (2013) also found the complete removal of SMX and only part removal of SDZ in 

MFC. This phenomenon demonstrated that the degradation of SMs by microorganisms in 

MFC has substance-specific properties. With the increase of the initial concentration of 

SMs from 100 to 200 μg/L, the removal efficiency of SDZ and SMZ in MFC decreased 

from 66.91% to 13.39% and 67.21% to 32.84%, and the DT50 increased from 129.81 to 

693.1h and 78.68 to 228.77 h, respectively. This phenomenon might due to the reduced 

bioactivity of the degrading microorganisms in the anode compartment. Whereas, the 

SDZ removal efficiency was recovered to 40.1% by further increasing the addition 

concentration to 300 μg/L, and a slight increase for SMZ (38.25%) was also observed. 

This result suggested that microorganisms in MFC might have gradually adapted to the 

presence of SMs to some extent and became more active after a period of acclimation. 

Wang et al. (2016b) also stated that the ability of microbes to degrade recalcitrant 

chemicals could be enhanced by a long acclimation period. This result is also agree with 

the improved voltage generation at 300 μg/L of SMs. Compared to the removal of 

individual SDZ in MFC reported previously, its removal efficiency in this study was quite 

low (Wang et al., 2018a). Probably due to sulfonamide combinations are more toxic to 

their degrading microorganisms than the individual antibiotic (Cheng et al., 2018a). 

 

5.4 Conclusion 
Compared with the conventional anaerobic reactor, MFC revealed high potential for 

the treatment of swine wastewater with antibiotics. Organic matters in swine wastewater 

could be highly removed in MFC and was little affected by the presence of SMs. 

Meanwhile, stable voltage was generated continuously in MFC by feeding with synthetic 

swine wastewater. The addition of SMs might increase the electricity production through 
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the improved activity of exoelectrogenic bacteria after a period of domestication and or 

the enhanced ability of electrons transfer from microbe cell to the anode. The 

simultaneous removal of SMX, SDZ and SMZ in MFC was higher than those in the 

conventional anaerobic reactor. 



 

 
 

 

 

 
 

 

 

CHAPTER 6 

Performance of continuous flow 

microbial fuel cell for antibiotics 

removal from swine wastewater 
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6.1 Introduction 
An increase in the demand for pork worldwide has resulted in the conversion of 

small-scale pig farms into large-scale and intensive pig industries. As reported earlier, the 

world pig production increased by 456.6% from 1890 to 2014 (Roser, 2017). A 

consequence of the mass production of pigs was the discharge of large amounts of swine 

wastewater from intensive pig industries. Moreover, veterinary antibiotics are commonly 

used in swine industries as feed additives to prevent infectious diseases and enhance 

growth rates of pigs (Cheng et al., 2018b; Sarmah et al., 2006). Lou et al. (2018) reported 

that the annual antibiotics consumption in China’s pig production industry rose by 97000 

tons. However, the low digestibility of antibiotics in animals’ guts produced high 

concentrations of antibiotics released into animal wastewater through animal faeces and 

urine (Cheng et al., 2018b). Zhang et al. (2015b) indicated that around 50000 tons of 

antibiotics were released by animal wastes every year. Therefore, swine wastewater not 

only contains high concentrations of organic matter and nutrients, but also has been 

recognized as the major source of antibiotics in the environment (Cheng et al., 2018b). 

Consequently, the direct discharge or irrigation of swine wastewater can pose a high 

threat to the environment due to: firstly, the toxic effects of antibiotics on environmental 

biology; and secondly, the development of antibiotic resistant genes (ARGs). 

Sulfonamide antibiotics (SMs) have been reported as the most widely used antibiotic 

classes in the swine industry and the dominant antibiotic components detected in swine 

wastewater (Han et al., 2020). According to the review paper by Cheng et al. (2018b), the 

detected concentration of SMs in swine wastewater was mainly in the 0.44 to 324.40 μg/L 

range. Hence, when effective the removal of SMs from swine wastewater will 

significantly eliminate their dangerous effects on the environment and human health. 

Anaerobic treatment technologies are commonly recommended for the treatment of 

swine wastewater, due to their cost effectiveness and high concentrations of organic 

matter in swine wastewater. Nevertheless, the widely used anaerobic processes in current 

wastewater treatment plants are mainly devised to remove general pollutants, yet have 

been poor in their antibiotics removal efficiency (Cheng et al., 2018b). As well, nutrients 

contained in swine wastewater could not be effectively removed by single anaerobic 

processes. Many studies have been conducted on the removal of antibiotics in some 

advanced wastewater treatment processes (Leng et al., 2019; Pei et al., 2019). For 

example, microbial fuel cell (MFC) has emerged as a promising and ‘green’ technology 
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for improving the degradation of refractory pollutants from wastewater and generating 

electricity simultaneously through microorganisms on the anode (Lovley, 2008; Zhou et 

al., 2018). The effective removal of SMs from wastewater by MFCs has been reported in 

recent studies, mainly because of the enhanced microbial metabolism in the presence of 

anode. For instance, Wang et al. (2016b) and Wu et al. (2020) demonstrated that 

sulfamethoxazole (SMX) can be rapidly and completely degraded by MFC and the power 

generation was enhanced due to the presence of SMX.  

Another sulfonamide antibiotic, sulfadiazine (SDZ), can also be degraded into 2-

aminopyrimidine, 2-amino-4-hydroxypyrimidine and benzenesulfinic acid under the 

behavior of microorganisms in MFCs (Wang et al., 2018a). The effective removal or 

recovery of nutrients from wastewater by MFCs also has been reported previously (Ye et 

al., 2019b). However, most previous studies only focused on the removal of individual 

antibiotics by MFCs, while different antibiotics are usually present in wastewater 

simultaneously. It is still unclear about the removal of multiple antibiotics in MFCs and 

the influence of mixed antibiotics on the performance of MFCs. Furthermore, the removal 

of antibiotics by MFCs was mainly done in batch mode so far, which is not effective and 

realistic in practical applications in the future. Moreover, less attention was paid to the 

feasibility of applying MFC processes to the removal of antibiotics from swine 

wastewater.  

Therefore, a continuous flow operation of MFC was conducted in this study, which 

is the first to investigate simultaneously removing sulfamethoxazole (SMX), 

sulfamethazine (SMZ) and sulfadiazine (SDZ) from swine wastewater. The removal 

efficiency of the selected antibiotics was examined in single continual and sequential 

anode-cathode continual mode, respectively. The effect of higher ammonium 

concentration in swine wastewater on their removal efficiencies was also analyzed in this 

research. Furthermore the performance of the MFC in removing organic matter, 

ammonium and phosphorus from swine wastewater, as well as the generation of 

electricity was investigated. 

 

6.2 Materials and methods  
6.2.1 Experimental design and set up 

The MFC design and setup are described in Chapter 3, Section 3.3.2. In addition, 

anaerobic sludge was used to inoculate the anode by mixing it with synthetic swine 
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wastewater to make a concentration of mixed liquor suspended solids (MLSS) of 5000 

mg/L. The synthetic swine wastewater mainly contained glucose (3 g/L of COD), NH4Cl 

(0.223 and 0.446 g/L), KH2PO4 (0.066 and 0.132 g/L), MgSO4·7H2O (0.054 g/L) and 

CaCl2·2H2O (0.004 g/L). After voltage stabilization, SMX, SMZ and SDZ were added to 

the synthetic swine wastewater with the initial concentration of 100 μg/L. 

6.2.2 Experimental operation 
In this study, the MFC was operated under single continual mode and sequential 

anode-cathode mode. The operation process of this study has been descried in Chapter 3, 

Section 3.3.2. 

6.2.3 Analytical methods  
The sample analysis is described in Chapter 3, Section 3.4.2.  

 

6.3 Results and discussion 
6.3.1 SMs removal in continuous flow MFC systems 

The simultaneous removals of SMX, SMZ and SDZ in different operation modes of 

the continuous flow MFC are displayed in Figure 6.1. In the mode 1 (single continuous 

mode), removal efficiencies of SMs in the anode chamber of MFC and the open-circuit 

control were compared. From Figure 6.1, it is observed that higher removal efficiencies 

of SMs were achieved in the MFC than those in its open-circuit control system. Similar 

results have been concluded by earlier studies for the removal of individual SMX and 

SDZ in MFC systems (Miran et al., 2018; Song et al., 2018). Accordingly, the removal of 

SMs in both closed and open-circuit MFC systems was due to the role of biodegradation 

in comparison to adsorption (Cheng et al., 2020; Harnisch et al., 2013). In the MFC 

system, degradation products of SMX and SDZ, their degradation mechanisms, as well 

as the functional microorganism that contributed to their removal have been successfully 

identified by previous researchers (Wang et al., 2018a; Xue et al., 2019). The relatively 

higher efficiency in removing SMs in the MFC system was mainly possible because the 

enhanced metabolic rate of bacteria in the anode chamber was caused by the electron 

transfer to the cathode via the external circuit. This could also result in faster oxidation 

of the co-substrate to produce more electrons for SMs degradation leading to accelerated 

degradation of SMX (Aghababaie et al., 2015). The better removal efficiency of COD in 

the MFC was also observed in this study, which will be discussed in the following section. 

Research by Wang et al. (2016b) demonstrated that the ATP level of the microorganisms 
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in MFC was nearly three times higher than that in the open-circuit controls, which may 

be linked to the rapid degradation of antibiotics in MFCs. 

 
Figure 6.1 Removal efficiencies of SMs during the continuous operation of MFC under 

different scenarios: (a) SMX removal efficiency; (b) SMZ removal efficiency; (c) SDZ 

removal efficiency. 

Compared with the high removal efficiency of individual SMX and SDZ in MFC 

systems under self-loop batch operating conditions (Miran et al., 2018; Wang et al., 2018a; 

Xue et al., 2019), the efficiency in the simultaneous removal of SMX, SMZ and SDZ was 

quite low under the single continuous operation mode of MFC in this study. As shown in 

Figure 6.1, the removal efficiency of SMX, SDZ and SMZ in mode 1 was in the 42.63% 

- 53.43%, 6.37% - 32.07% and 5.8% - 39.52% range, respectively. The biodegradation of 

SMX in this study was easier than SDZ and SMZ in the MFC. A similar result was 

concluded by Harnisch et al. (2013), and these authors found SMX was completely 

removed but only some SMZ was removed in the batch operating MFC in 7 days. 

Moreover, a decline was observed for the removal efficiency of SMs in the first few days 

after continuous pumping of SMs into the MFC, which reflected the toxic effect of SMs 

and/or their degradation intermediates on the microorganisms responsible for this 
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degradation. In addition to the different operating conditions in comparison to a previous 

study, the poor removal efficiency of SMs in this study may also result from the increased 

toxicity of the coexistence of SMX, SDZ and SMZ to the microorganisms in MFC. The 

review paper by Cheng et al. (2018a) has indicated that combined antibiotics revealed 

more inhibition than the individual antibiotic. It is clear that effluent from the anode 

chamber of the MFC still contains a high concentration of SMs, so further treatment is 

necessary to reduce their emission into the environment.  

To increase the removal efficiency of SMs in the continuous operation of MFC, the 

sequential anode–cathode mode was conducted in the present study. During this mode, 

the effluent from the anode compartment was used as a continuous feed for the cathode 

chamber, which enabled aerobic bacteria to grow in the cathode part (Freguia et al., 

2008a). Therefore, the double-chamber MFC can be operated as a combination of the 

anaerobic (anode chamber) and aerobic (cathode chamber) processes, in which the 

pollutants in the anode effluent may be further degraded by aerobic bacteria activities. An 

obvious improvement was observed for the removal of SMZ and SDZ in the cathode 

effluent compared to their removal in the effluent from the anode chamber, although their 

removal also decreased gradually as this operation progressed (see Figure 6.1).  

By contrast, the removal efficiency of SMX experienced only a slight improvement 

in this mode although the biodegradability of SMX under anaerobic and aerobic 

conditions has been extensively concluded by earlier studies (Müller et al., 2013; Wang 

& Wang, 2018a). The possible reason might be the different operating conditions, varied 

microbial species and feeding wastewater components in the cathode reactor. For 

example, the solution pH is an important factor that can affect the degradation of SMs by 

influencing the composition of the microbial community (Maspolim et al., 2015). As 

monitored in this experiment, the pH value was over 8 in the cathode compartment due 

to the produced OH- from the oxygen reduction reaction, which is higher than that in the 

common aerobic reactor (around neutral pH values). Additionally, the relatively high 

efficiency in removing SMX in the anode chamber may limit its biodegradation rate in 

the following cathode chamber, possibly due to the low bioavailability of SMX when its 

concentration was too small (Wang & Wang, 2018a; Wang & Wang, 2018b). In contrast, 

the high residual concentration of SDZ and SMZ in the anode effluent may make them 

much more biodegradable in the cathode chamber. Collectively, the sequential anode–

cathode operating mode of MFC can enhance the removal efficiency of SMs from swine 

wastewater.  
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Considering the large ammonium concentration in swine wastewater and the 

influence of ammonium on the microorganisms in MFC, the NH4Cl concentration in the 

synthetic swine wastewater was increased from 223 mg/L to 446 mg/L in the third mode 

of this experiment. This was done to investigate its effect on the removal of SMs and the 

performance of MFC. As observed in Figure 6.1, the removal efficiency of SMs was 

increased in the cathode chamber effluent when the NH4
+-N concentration was doubled 

in the feeding wastewater. Based on previous studies, the increased removal of SMs may 

be linked to the improved activities of ammonia-oxidizing bacteria (AOB) in the MFC 

by increasing the NH4
+-N concentration. As reported by He et al. (2009), the AOB and 

denitrifying bacteria were found on both the anode and cathode electrodes of a MFC. The 

AOB can use NH4
+-N as the growth substrate, and therefore the NH4

+-N level is a major 

factor for the abundance and distribution of AOB. Ye and Zhang (2011) demonstrated that 

the AOB increased largely through increasing NH4
+-N concentrations, which enabled the 

AOB to be a major player in the nitrification reactors. A positive relationship between 

micropollutants elimination and AOB activity has been reported in other analyses 

(Kumwimba & Meng, 2019; Xu et al., 2016). The biodegradation of micropollutants by 

AOB was mainly due to its non-specific enzyme ammonia monooxygenase (AMO), 

which is able to degrade various kinds of micropollutants through cometabolic 

biodegradation (Helbling et al., 2012; Roh et al., 2009; Xu et al., 2016). Hence, an 

inherent connection can be found between the removal of SMs and the concentration of 

NH4
+-N in MFC (Delgadillo-Mirquez et al., 2011; Tran et al., 2016; Tran et al., 2018). It 

can be assumed that the increase in the growth substrate NH4
+-N to some extent can 

improve the cometabolic degradation of SMs, which has been confirmed by the 

experimental results of the present study.   

Overall, the final removal efficiencies of SMX, SMZ and SDZ in this sequential 

anode-cathode double-chamber MFC were around 49.35% - 59.37 %, 16.75% - 19.45% 

and 13.98% - 16.31%, respectively. Based on the above discussion, such poor removal 

efficiency of SMs in this MFC system was mainly due to the toxic effect of SMs and or 

degradation byproducts on the microbial community in both the anode and cathode 

chambers. However, this study also discovered that the activity of the microorganism that 

was responsible for degrading the SMs in the MFC could be recovered gradually after 

stopping exposure to SMs. After 5 days stopping the addition of SMs to the influent of 

MFC, the SMs removal efficiencies reached 78.22% for SMX, 51.87% for SMZ and 

49.54% for SDZ. This leads to the conclusion that sequential anode-cathode double-
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chamber MFC configuration can be used for removing multiple antibiotics from swine 

wastewater, while further research is required to reduce the toxic effect of antibiotics on 

microorganisms to improve the removal efficiency. 

6.3.2 Electricity generation 
Electricity generation was evaluated by monitoring the voltage production in the 

present study. Figure 6.2 describes the variations in voltage production at different 

operating modes of MFC for treating swine wastewater. In the acclimatization process, 

the wastewater was continuously pumped into the anode compartment of the double-

chamber MFC, and the MFC was conducted under open circuit mode for 30 days to form 

the biofilm on the anode electrode’s surface. Thereafter, the closed circuit mode was 

conducted until the stable operation of the MFC with the voltage generation ranged from 

630 mv to 720 mv, indicating the electrochemically active biofilms were formed on the 

anode of MFC (Zhou et al., 2018). Little change was observed for the voltage generation 

after the injection of SMs (see Figure 6.2). This is consistent with the study by Harnisch 

et al. (2013), who found that the power output remained constant after exposure to SMs 

in the MFC.  

Interestingly, some researchers even detected an increase in power generation after 

the addition of a single antibiotic (SMX or OTC) and multiple antibiotics under low 

concentrations in the MFC (Sun et al., 2019; Wu et al., 2020; Zhou et al., 2018). Wu et 

al. (2020) explained that the increased abundance of exoelectrogens in MFC was due to 

the decline in the competitive population in the anode caused by the presence of SMX. 

Zhou et al. (2018) demonstrated that although the MFC’s output voltage could be 

inhibited by adding antibiotics into the reactor, it subsequently improved when the 

concentration of antibiotics shrunk. The present result of this study may explain why the 

inhibition of SMs (100 μg/L) to exoelectrogenic bacteria was less when compared to other 

competitive organisms in the MFC’s anode chamber. In addition, the degradation 

products of SMX, SMZ and SDZ may serve as mediators to facilitate the electron transfer 

from bacteria to the anode, thereby compensating for their inhibition (Sun et al., 2019). 
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Figure 6.2 Voltage generation when the MFC is operating under different modes with 

and without SMs present. 

It can be seen that the voltage generation decreased in the sequential anode–cathode 

mode. Generally, the generation of electricity in the MFC mainly depends on: 1) the 

oxidation of organic substrates in anode, 2) the transfer of electrons from microbes to 

anode, 3) transfer of protons through the membrane, and 4) the concentration of oxygen 

in the cathode chamber (Amari et al., 2015; Gil et al., 2003). Compared with the single 

continuous step, the catholyte in this mode was changed from DI water to the continuous 

supply of anode effluent. The residual organic matter in the anode effluent enhances the 

growth of aerobic heterotrophs in the cathode compart, leading to the reduction of oxygen 

concentration in the cathode chamber (Freguia et al., 2008a). This has been confirmed by 

the further removal of COD in the cathode section. In this study, oxygen served as the 

final electron accepter in the cathode portion, and the competitive consumption of oxygen 

can limit the voltage generation (Amari et al., 2015; Najafgholi et al., 2015). The other 

possible reason is due to the permeation of oxygen from the anode to the cathode camber 

through what connects them. This may limit the activity of electron bacteria and decrease 

the amount of power being generated (Najafgholi et al., 2015). 
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The voltage generation fell to around 230 mv after the sudden increase in the NH4
+-

N concentration in the influent (Figure 6.2). The negative effect of ammonium on 

electricity generation in MFC systems was also reported by other researchers (Hiegemann 

et al., 2018; Kim et al., 2011; Tice & Kim, 2014; Ye et al., 2019a). For instance, Ye et al. 

(2019a) investigated the impact of ammonium on power generation in a double-chamber 

MFC and indicated that the voltage generation decreased gradually by increasing the 

NH4
+-N concentration from 5 to 40 mg/L. This may result from the inhibition of NH4

+-N 

on the activity of exoelectrogenic bacteria in microbial fuel cells (MFCs) (Liu et al., 2017). 

Conversely as can be seen from Figure 6.2, the power generation recovered gradually 

with the operating time, suggesting the adaptation of bacteria to the high ammonium 

concentration through continuous exposure (Kim et al., 2011). Therefore, the electricity 

generated by the MFC may not be affected by the high ammonium concentration in swine 

wastewater under long-term continuous flow operation.  

6.3.3 COD removal 
The efficiency of the MFC in this study for removing COD from swine wastewater 

was investigated under different operating modes (Figure 6.3). As can be seen from 

Figure 6.3, COD can be effectively removed (90.86% - 93.51%) in the anode chamber of 

the MFC when operations remain stable. It was better than that in its open-circuit control 

system (84.97% - 88.30%) in mode 1. This finding confirmed that the exoelectrogenic 

bacteria activities were responsible for COD removal in the MFC anode chamber. A slight 

fall in the COD removal efficiency (81.56% - 87.73%) did occur after adding SMs into 

the feeding wastewater (Cheng et al., 2018d). According to the review by Cheng et al. 

(2018d), the reduced removal of COD might due to the stimulation of antibiotics to 

fermentative or acid-forming bacteria and the inhibition of antibiotics to volatile fatty 

acids (VFAs) degrading bacteria and acetoclastic methanogens. The MFC demonstrated 

better buffering capacity and adaptability to SMs than the conventional anaerobic reactor, 

since a greater reduction in COD removal efficiency was observed in the open-circuit 

system than in the MFC after the injection of SMs. Wang et al. (2018b) also indicated that 

the biotoxicity of SMs might be effectively eliminated in the MFC. 
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Figure 6.3 COD removal from swine wastewater as MFC operates under different 

modes with and without SMs present. 

In the sequential anode–cathode scenario, COD removal efficiencies in the anode 

chamber (71.46% - 81.89%) were relatively low in comparison with the previous mode, 

but their further increase was evident in the following cathode chamber (92.48% -

97.02%). The slight decrease in COD removal in the anode might be attributed to the 

intrusion of oxygen into the anode chamber, which restricted the activity of anaerobic 

microorganisms. The overall large removal of COD in the sequential anode-cathode 

configuration of the MFC was consistent with what previous studies have reported. They  

stated that COD could be further removed at the cathode compartment by heterotrophic 

bacteria (Freguia et al., 2008b; Wen et al., 2010). Hence, the enhanced removal of COD 

in the cathode chamber of MFC in this study confirmed the presence of aerobic 

heterotrophs.  

Although electricity generation was influenced by the sudden increase in NH4
+-N 

concentration in the feeding wastewater, the COD removal efficiency was only minimally 

affected. It maintained a similar range to the last mode in both the anode and cathode 

chambers (see Figure 6.3). Research by other groups has found similar results. For 

instance, Ye et al. (2019a) did not observe any reduction in COD removal efficiency in 

the MFC because the influent concentration of NH4
+-N increased from 5 to 40 mg/L. Liu 
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et al. (2017) also found little change in COD removal efficiency (from 95.82% to 92.21%) 

when the NH4
+-N concentration rose from 45 mg/L to 600 mg/L. It is understood that the 

effect of NH4
+-N on COD removal efficiency mainly depends on the concentration of 

NH4
+-N, COD/ NH4

+-N (C/N) ratio and other operating parameters (Kocaturk & Erguder, 

2016; Li et al., 2016; Tice & Kim, 2014; Yenigun & Demirel, 2013). As reported by Tice 

and Kim (2014), COD removal efficiency only started to decline for MFCs when the 

NH4
+-N concentration exceeded 1000 mg/L. Yadu et al. (2018) maintained that a 

substantial removal efficiency of COD (>90%) could be achieved with a high C/N ratio 

(7–30). Therefore, considering the relatively low concentration of NH4
+-N (150 mg/L) 

and high C/N (15:1) ratio in the synthetic swine wastewater used in this study, it is 

reasonable to observe that only a small fluctuation in COD removal efficiency occurred. 

6.3.4 Nutrients removal 
Figure 6.4 illustrates the removal of NH4

+-N and PO4
3--P in the double-chamber 

MFC for different operating conditions. Before the injection of SMs into the feeding 

wastewater, the removal efficiency of NH4
+-N in the anode chamber of MFC was around 

35.13%-37.11% with the initial concentration of 75 mg/L. Previous reports have 

demonstrated that the potential mechanism for the removal of NH4
+-N in the anode 

chamber of MFC was the joint action of electrochemical and biological processes (Kim 

et al., 2008; Min et al., 2005b). It is obvious that one aspect of ammonium reduction was 

to synthesize new biomass in the anode chamber. Meanwhile, NH4
+in the anode chamber 

can transfer to the cathode through a cation exchange membrane (CEM), which was 

further converted into NH3 under alkaline pH and air-breathing conditions in the cathode 

chamber (Zhou et al., 2015). As reported earlier, the removal of NH4
+-N in the anode 

compartment might also occur through nitrification/denitrification and/or the Anammox 

process (He et al., 2009; Kim et al., 2016). However, NO3-N or NO2-N was not detected 

in the anode chamber of this study, suggesting that the reaction of 

nitrification/denitrification or Anammox was impossible due to the anaerobic conditions. 

This result agrees with the previous report by Tao et al. (2014), who indicated that 

no nitrifying or anammox bacteria existed in the anode chamber. The removal of PO4
3--

P in this mode was around 37.66% - 44.23% with the initial concentration of 15 mg/L, 

which was mainly through absorption by the microbial organisms. After the presence of 

SMs in the anode chamber, a decline in NH4
+-N and PO4

3--P removal efficiency in the 

anode chamber became evident (Figure 6.4). Similar to the effect of SMs on COD 
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removal, the inhibition of SMs to the microorganisms could reduce their uptake to these 

nutrients. It is notable that the constant voltage generation following the addition of SMs 

could confirm the stable movement of NH4
+ between the two chambers (Kim et al., 2008). 

Therefore, the toxic effect of SMs on the microorganism was the main explanation for 

the reduced removal of both NH4
+ and PO4

3--P in the anode chamber. 

 
Figure 6.4 Nutrients removal efficiencies as the MFC operated under different modes 

with and without SMs present: (a) NH4
+-N removal efficiency; (b) PO4

3--P removal 

efficiency. 

A decreasing trend was observed for the removal efficiency of NH4
+-N (21.71% -

26.64%) and PO4
3--P (9.36% - 13.28%) in the anode chamber under the sequential anode-

cathode running mode. According to the above discussion, this may result from the 

relatively low microbial activities in the anode compartment in comparison with the 

previous stage. Additionally, the NH4
+ concentration gradient between the anode and 

cathode chambers was lower than the last stage due to the residual NH4
+ in the anode 

effluent, which limited the ammonium diffusion to the cathode compartment (Ye et al., 

2019b). It can be seen from Figure 6.4 that the removal efficiencies of NH4
+-N and PO4

3-

-P in the following cathode chamber further rose to 68.62% - 81.02% and 35.34% - 

44.79%, respectively.  

It is clear that part of NH4
+-N and PO4

3--P could be used as a substrate to maintain 

the activity of heterotrophic bacteria in the cathode chamber. As well, NH4
+-N can be 

reduced by the activity of nitrifiers and AOB, which was suggested by the detected NO3- 

(1.0-1.6 mg/L) and NO2- (0.06-0.1 mg/L ) in the cathode effluent. In addition, the reaction 

between oxygen and the electrons can form hydroxyl ions, resulting in an increase in the 

pH value in the cathode compartment. Previous reports have documented that NH4
+-N 

and PO4
3--P can be recovered from swine wastewater by struvite crystallization when the 
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pH rises to between 8 and 10 (Kim et al., 2017; Suzuki et al., 2007). As monitored in this 

study, the pH value in the cathode chamber ranged from 8.2 to 8.6, which facilitated the 

removal/recovery of NH4
+-N and PO4

3--P through precipitation with magnesium and/or 

calcium ions in the wastewater (Ye et al., 2019b). Air stripping also contributed to the 

higher removal efficiency of NH4
+-N when the aeration condition and high pH value in 

the cathode chamber were taken into consideration (Ye et al., 2019b).  

Interestingly, the removal efficiency of NH4
+-N in the anode chamber increased 

to >40% when the initial concentration also increased (see Figure 6.4). This outcome 

agrees with the study by Ye et al. (2019a), who also found the increased amount of NH4
+-

N being removed was made possible by increasing the NH4
+-N concentration. On one 

hand, the more NH4
+ there was in the anode chamber increased the ammonium 

concentration gradient between the two chambers, which enhanced its diffusion to the 

cathode chamber.  On the other hand, the high NH4
+-N concentration might stimulate the 

microorganisms to take up more NH4
+-N for their growth. However, the PO4

3--P removal 

efficiency in the anode compartment decreased by increasing its initial concentration to 

30 mg/L, possibly due to the low absorption capacity of bacteria. As for their removal in 

the cathode compartment, the simultaneous reduction for the removal of ammonium and 

phosphate was mainly possible due to the deficiency of magnesium and/or calcium ions 

in the synthetic swine wastewater, which limited their recovery by precipitation (Kim et 

al., 2017). 

 

6.4 Conclusion 
In this chapter, a continuous flow double - chamber MFC was designed for 

simultaneously removing antibiotics, organic matter and nutrients from swine wastewater. 

Results indicated that the removal efficiency of SMs and COD in the MFC was greater 

than in the open-circuit control system. The sequential anode-cathode operation mode of 

the MFC performed better than the single continuous mode in terms of pollutants’ 

removal from swine wastewater. A decrease was observed for the removal of pollutants 

in both anode and cathode chambers in the first few days after the exposure of SMs, which 

indicated their toxic effect on the microorganisms. Meanwhile, electricity was 

successfully generated by pumping synthetic swine wastewater to the anode chamber 

continuously. In contrast, generating electricity under the single continuous mode was 

more successful than during the sequential anode-cathode mode. The presence of SMs in 
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the MFC revealed little effect on the voltage generation. Interesting, a higher NH4
+-N 

concentration could improve the removal of SMs in the cathode chamber, possibly due to 

the enhanced activity of AOB. Hence, this study found that the continuous flow MFC is 

feasible for treating swine wastewater that contains antibiotics. Further research is 

necessary to understand how: firstly, the toxicity of antibiotics can be reduced; and 

secondly, their removal efficiencies can be improved.   
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7.1 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 (Cheng et al., 2018b). However, high levels of SMs (70% - 90%) were excreted by 

pigs in unchanged form and/or their metabolites through their faeces and urine (Cheng et 

al., 2018b). It is no doubt that swine wastewater now constitutes an important source of 

antibiotics in the environment. As reviewed recently by Cheng et al. (2018b), the 

concentration of SMs in swine wastewater worldwide was in the 0.005 - 325 μg/L range. 

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 (Cheng et al., 2019a). Thus, it is urgent to develop appropriate methods to 

eliminate antibiotics from swine wastewater.  

A series of methods including biological treatment, chlorination, ozonation, 

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

wastewater (Cheng et al., 2019a). 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 SMX, SDZ and 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 
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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.  

Adsorption is a promising and better choice for the removal of antibiotics from 

wastewater, due to its advantages of effectiveness, low cost, easy operation and the 

adsorption process does not produce intermediate products. Several adsorption materials 

have been investigated for removing antibiotics from aqueous solution, such as activated 

carbon, carbon nanotubes, natural clay materials, ion exchange materials, and biochar 

(BC) (Ahmed et al., 2015). Of these materials, BC derived from agricultural wastes has 

been the subject of enormous research focus, because of its advantages of originating 

from a wide range of raw materials, low-cost preparation, being environmentally friendly 

and having adsorption properties (Ahmad et al., 2014; Enders et al., 2012). To date, BC 

has been used to adsorb antibiotics from wastewater very efficiently (Chen et al., 2019; 

Dai et al., 2019). 

Fruit peels, generated in significant amounts, can be used as raw materials for 

conversion into biochar through pyrolysis instead of being disposed as waste through 

landfilling, open burning or composting. Greenhouse gases emission, such as carbon 

dioxide and methane, from conventional disposal of these wastes is an important issue 

for global warming. The conversion of such waste to reusable resources is an alternative 

method for waste management, which achieved net energy production and avoided 

greenhouse gas emissions. For instance, Sial et al. (2019) indicated that the greenhouse 

gas emission was significantly reduced by converting orange peels waste to biochar. 

Pomelo is a very popular fruit and is planted around the world. According to the report 

by Food and Agriculture Organization (FAO), the global production of grapefruit 

(including pomelos) was around 9.37 million metric tons in 2018. Pomelo peels which 

account for nearly 45% of the total weight, are generally treated as agricultural waste, 

which is not only a waste of resources but also harms the environment (Liang et al., 2014). 

Compared to most other citrus fruits, pomelo peels are deemed to be promising raw 

materials for BC production. In addition to their high output, the white floc layer of the 

pomelo peel contains cellulose and semi-fiber with three-dimensional network structures 

and various active functional groups, which make the pomelo peel a promising raw 

material of biochar adsorbent (Song et al., 2019; Zhang et al., 2020). Moreover, the 
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adsorption ability of pomelo peel BC can be enhanced through chemical activation 

(Romero‐Cano et al., 2017). 

The surface area and pore size are two important characteristics of biochar, which 

influence its adsorption capacity to organic pollutants pollutants (Ahmed et al., 2017a; 

Cheng & Li, 2018). According to previous reports, the carbon having enough pore size 

was required to create adsorption sites in pores for organic matter (Zhang et al., 2014). 

However, the surface area and pore size of the originally generated biochar are limited, 

so further activations are required to increase their surface area and porosity. Thermal 

treatment and KOH activation are common methods for the production of porous biochar 

(Zhu et al., 2018a). 

Additionally, biochar could be used to support the growth of microorganisms in the 

bioreactor owing to the porous structure and specific surface area (Shanmugam et al., 

2018). The conductive property of biochar makes them a sustainable electrode material 

in the MFC to enhance electricity production (Huggins et al., 2014). However, a study on 

the application of biochar in the MFC bioreactor set out to stimulate the removal of SMs 

for purifying swine wastewater has yet to be done. In the present research, pomelo peel 

derived biochar was prepared and added to the continuous flow MFC to enhance the 

removal of SMs from swine wastewater. The characteristics of the produced biochar and 

the adsorption capacity for SMs were investigated. Moreover, adsorption kinetics and 

isotherm modes were applied to analyze the adsorption process between the biochar and 

SMs. Finally, different biochar dosages 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. 

Major parts of Chapter 7 have been published as journal articles in ERA A-rated 

journal: 
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7.2 Materials and methods  
7.2.1 Materials 

The used raw materials of biochar production, chemicals, synthetic swine 

wastewater and anaerobic sludge in this study is described in Chapter 3, Section 3.2.1 and 

3.2.2.  

7.2.2 Biochar preparation and modification 
Processes and methods applied for biochar preparation and modification is described 

in Chapter 3, Section 3.3.3 (A). 

7.2.3 Experimental setup and operation  
Experiments conducted to investigate the adsorption behavior of SMX, SDZ and 

SMZ onto biochar simultaneously and the application of the biochar in MFC system is 

described in Chapter 4, Section 3.3.3 (B) and (C). 

7.2.4 Analytical methods 
The method used for analysing the biochar characteristic is described in Chapter3, 

Section 3.4.2. The sample analysis and calculation are described in Chapter 3, Section 

3.4.1 and 3.4.3, respectively. 

 

7.3. Results and discussion  
7.3.1 Characterization of biochar 

The biochar yield derived from pomelo peel was 35.93% at 400 ℃ and 32.78% at 

600℃, respectively (Table 7.1). Based on a previous review paper, the value is 

comparable with the yield of biochar produced from other raw materials (Yang et al., 

2019b). Like previous reports, a slight decline in the biochar yield was observed by 

increasing the pyrolysis temperature, which is explained by the loss of volatiles and 

condensation of aliphatic compounds (Zhao et al., 2017). The high biochar yield is 

generally considered to be an important factor in practical applications. 

Table 7.1 Physicochemical properties of biochars produced under different conditions. 

Sample C (wt %) O (wt %) 

Yield 

(%) 

BET surface 

area (m2/g) 

Total pore 

volume (cm3/g) 

BC-400 66.1 14.89 35.93 3.278 0.003 

BC-600 72.21 14.01 32.78 27.501 0.021 
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BC-KOH 86.18 11.81 31.65 2457.367 1.14 

The analytical results of EDS indicated that carbon was a dominant element in the 

produced biochar from pomelo peel. By increasing the pyrolysis temperature and KOH 

activation, the carbon content increased from 66.1% to 86.18% (by weight), while the 

oxygen content decreased (Table 7.1). The decrease of oxygen content indicated less 

oxygen-containing functional groups on the biochar surface, which can be proved by the 

FTIR analysis results. The FTIR peak of biochars produced in the present study is 

illustrated in Figure 7.1(A), and the FTIR spectrum curve displays peaks at about 2348, 

1560, 1372 and 1168 cm-1 for BC-400 and 2348,1623, 1397,1006 863, 831 and 695 cm-1 

for BC-600. The peak at around 2348 and 2320 cm-1 may belong to C ≡C or C ≡N. The 

peak at approximately 1560 and 1623 cm-1 indicates the presence of C=C or C=O 

stretching in aromatic groups, while the peak at around 1397 and 1372 cm-1 may relate to 

the methyl C-H bending vibration in alkanes and alkyl groups (Uchimiya et al., 2011). 

The presence of a peak at 1168 and 1064 cm-1 possibly contributes to C-O, C-O-C or C-

C stretching modes, while peaks at 900-695 cm-1 may belong to aromatic C-H bending 

vibration (Komnitsas & Zaharaki, 2016). Yet, most of the peaks disappeared after KOH 

activation, which confirmed the finding that functional groups’ reduction on the surface 

of biochar after alkaline modification occurred (Yang et al., 2019b). 
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Figure 7.1 Characteristics of biochar produced at 400 ℃ (BC-400), 600 ℃ (BC-600) 

and activated by KOH (BC-KOH): (A) FTIR spectrum; (B) Raman spectrum; (C) BET 

surface area isotherm; (D) SEM-EDS spectrum. 

Raman spectrum of the BC-400, BC-600 and BC-KOH are depicted in Figure 7.1 

(B). The Raman spectrum of the biochars consists of two prominent peaks at 

1350 cm−1 (D) and 1590 cm−1 (G), which represented the graphitic lattice vibration mode 

and disorder in the graphitic structure of the biochar (Zhu et al., 2014). Specifically, peak 

D refers to disordered sp2-hybridized carbon atoms with vacancies and impurities, while 

peak G causes from the stretching of sp2 atomic pairs in the carbon atom ring or carbon 

chain. It can be assumed that the carbon atom is bonded to a sp2 hybridized covalent bond, 

while electrons which are not involved in hybridization form a π bond (Fan et al., 2016).

The BET surface area and total pore size volume of the produced biochar are shown 

in Table 7.1 and Figure 7.1(C). An increase in the BET surface area and total pore volume 
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were observed by increasing the pyrolysis temperature from 400 to 600 ℃. A similar 

result has been reported in other recent studies (Zhao et al., 2018; Zhao et al., 2017). They 

explained that the increase in the surface area and pore volumes might be caused by the 

quick release of H2 and CH4 and the reaction of aromatic condensation when the 

temperature rose from 400 to 600 ℃. As well, when the temperature increased, the 

formation of more pores and a larger surface area was due to the release of more volatiles 

from the biomass surface (Cheng & Li, 2018). When the BC-400 was further activated 

by KOH, a huge increase in the surface area (2457.367 m2/g) and total pore volumes (1.14 

cm3/g) was obtained. This finding was consistent with the observation of the SEM 

analysis. 

 The microstructure of BC-400, BC-600 and BC-KOH studied by SEM is displayed 

in Figure 7.1 (D). It can be observed that the BC-400 and BC-600 have a relatively smooth 

and dense surface. A clear pore structure can be seen on the surface of the BC-KOH, 

indicating an enhancement in exposed surface area and pore size. As mentioned earlier, 

the interaction between alkali compounds and carbon promotes the formation of a large 

surface area (Otawa et al., 1990). For instance, Zhang et al. (2015a) produced a highly 

porous activated carbon from petroleum coke via the KOH activation process at 800 ℃, 

with a large surface area (2800 - 2900 m2/g) and total pore volume (1.4 - 2.1 cm3/g). 

Similarly, Yang et al. (2019a) employed KOH to activate willow branch-derived biochar 

at 850 ℃ and achieved a large surface area (3342 m2/g) and total pore volume (1.912 

cm3/g). The increase in the surface area and pore size of biochar by KOH activation is a 

synergistic effect of several factors (Cheng & Li, 2018). The chemical reaction for the 

process of KOH activation is shown in Eq. (7.1 - 7.4): 

6KOH + 2C → 2K + 3H2 ↑ +2K2CO3                                                                     (7.1)                                                                 

6KOH + CO2 → K2CO3 + H2O ↑                                                                              (7.2)                                                     

K2CO3 + 2C → K2O + 2CO ↑                                                                                        (7.3)                                                      

K2O + CO → 2K + CO ↑                                                                                              (7.4)                                                         

Through the above chemical reactions, the biochar can be activated through the 

etching process by KOH and its intermediates K2CO3 and K2O. The H2 and CO produced 

from chemical reactions can promote the formation of microporosity and macropores on 

the biochar (Yang et al., 2019a). Furthermore, the produced alkali metal can insert into 
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the biochar matrix to extend the biochar lattice and then enlarge the existing pores (Cheng 

& Li, 2018). It is noted that the adsorption capacity of biochar is positive with the surface 

area/total pore volume. Therefore, BC-KOH emerged as the best biochar for adsorbing 

antibiotics and subsequently chosen for further research. 

7.3.2 Adsorption behavior of SMs onto biochar 
The adsorption capacities of SMX, SMZ and SDZ onto BC-KOH are displayed in 

Figure 7.2 (a). As shown in Figure 7.2 (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, which proved the effective removal of SMs from water solution by biochar 

adsorption. 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 (qec) and experimental adsorption capacities (qeb) for SMs onto the biochar 

(Figure 7.2 (a) and Table 7.2). These agreed with previous studies on the adsorption of 

SMs onto other types of biochar (Ahmed et al., 2017b). 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.  

 
 

Figure 7.2 The adsorption kinetic (a) and isotherm (b) of SMX, SMZ and SDZ onto 

biochar 

Table 7.2 Sorption coefficients of SMs onto biochar evaluated by Pseudo second-order 
and Freundlich models 
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 SMX SDZ SMZ 
qe

b 831.85 671.32 857.39 
Pseudo second-order model 

𝑞𝑡 =
𝑘2𝑞𝑒 

2 𝑡

1 + 𝑘2𝑞𝑒𝑡
 

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 

𝑞𝑒 = 𝐾𝐹𝑐𝑒
1 𝑛⁄  

Kf 288.04 157.17 396.35 
1/n 0.33 0.42 0.29 
R2 0.981 0.998 0.996 

 

Figure 7.1 (b) shows the adsorption isotherm of SMs onto the BC-KOH. 

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. As 

shown in Table 7.1, the 1/n value (<1) suggested that the adsorption of SMs onto the 

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

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

could be caused by the pore-filling effect. According to the Raman analysis results, 

graphitic layers did exist in the structure of the biochar, which can function as a π-π 

acceptor (Jin et al., 2014). 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). 

7.3.3 Economic feasibility of the biochar application in the MFC 
To assess the large-scale application of biochar on the adsorption removal of 

antibiotics from swine wastewater, the economic performance of biochar compared with 

activated carbon was considered in this study. The production cost of biochar mainly 

relates to the cost of feedstock materials, production cost and other additional cost, which 

can be estimated and calculated by Eq. (7.5): 

Total biochar production cost = feedstock cost + production cost  (7.5) 

Based on this study, the total cost of producing 1 kg pomelo peel derived biochar 

(BC-KOH) was estimated as follows:  

The feedstock cost is USD $ 5.69 (including pomelo peels collection cost and KOH 

cost). The production cost is USD$ 2.42 (including the cost of electricity consumption 
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for drying and carbonization). The cost for others such as washing, grinding and 

transporting is USD $ 1.71. Therefore, the total cost for generating per kg BC-KOH was 

USD $ 9.82, which is cheaper than commercial activated carbon (up to USD $45.71/kg) 

as sold in Henan Huasheng Charcoal Industry Ltd. (http://hnhsty.com/).  

Commercial activated carbons are commonly produced from expensive and non-

renewable materials, such as natural coal, wood, peat and petroleum residues, by 

pyrolysis and the following physical activation at high temperatures (700 - 1100℃) 

(Allen et al., 1998). From this point of view, using pomelo peel wastes as the raw material 

to produce biochar in this study not only save the cost of raw materials but also save the 

cost of waste disposal. From the perspective of energy saving, chemical activation is 

commonly chosen for activating the carbon material due to the lower temperature and 

shorter time requirement than that of physical activation (Mohammad-Khah & Ansari, 

2009). The common method of chemical activation was using chemicals such as H3PO4, 

KOH, or NaOH followed by heating under a gas (nitrogen) flow at the temperature 

between 450 and 900◦C (Gupta et al., 2009). Thus, less energy would be consumed for 

the production of the biochar in this study at lower temperature. 

7.3.4 Removal of SMs in the MFC with the biochar dosage 
The overall removal of SMs during the MFC operating period with the addition of 

different concentrations of biochar is depicted in Figure 7.3 (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.  
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Figure 7.3 (a) the removal efficiency of SMs in MFC with the addition of different 

concentrations of biochar; (b) the average removal efficiency of SMs in the anode and 

cathode chamber of MFC, respectively (500 mg/L of biochar). 

  

In addition, the removal efficiency of SDZ and SMZ did largely improve in the 

present study (Figure 7.3 (a)), although their removal efficiencies also gradually 

decreased as the system ran by adding 100 and 200 mg/L of biochar. 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 Figure 7.3 

(b). As observed in Figure 7.3 (b), SMs could be degraded in both the anode and cathode 
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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 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. 

7.3.5 Performance of the MFC with biochar addition 
The average daily voltage generation in the MFC with different concentrations of 

biochar has been presented in Figure 7.4 (a). 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., 2005a). 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). 

 
Figure 7.4 (a) the average daily voltage generation and (b) COD and nutrients removal 

efficiency in MFC with different concentrations of biochar. 

 

The organic matter and nutrients removal efficiency was monitored during the 
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MFC’s operating period. As shown in Figure 7.4 (b), COD could be effectively removed 

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 Figure 7.4 (b), 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 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., 2019b). 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. 

 

7.4 Conclusion 
The pomelo peel-derived biochar employed in this study is a cost-effective and 

promising adsorbent and biocarrier in the continuous flow MFC to efficiently enhance 

the removal of SMs from 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 can be 

improved by the dosage of biochar in the MFC, probably due to the combined effect of 

adsorption and biodegradation. The essential performance of the MFC remained stable 

and improved slightly with a direct dose of biochar into the MFC.  
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8.1 Conclusions 
To minimize adverse effects of antibiotics in swine wastewater on the environment 

and human health, a series of experiments was carried out for: 1) the removal process and 

mechanism of antibiotics in anaerobic sludge that used in the anode chamber of MFC; 2) 

the feasibility of a double-chamber MFC for removing antibiotics from swine wastewater; 

3) the performance of a continual flow MFC for treating swine wastewater containing 

antibiotics; and 4) the optimization of the continual flow MFC for enhancing antibiotics’ 

removal were conducted in this study.  The key conclusions are as follows:    

In the reactor with anaerobic sludge, tetracycline antibiotics (TCs) were removed by 

the adsorption of the sludge, while the removal of sulfonamide antibiotics (SMs) were 

mainly attributed to biodegradation. The adsorption of TCs could be described by the 

pseudo-second kinetic mode and the Freundlich isotherm mode, which indicated that the 

adsorption is a heterogeneous chemisorption process. Among the studied SMs 

(sulfamethoxazole (SMX), sulfamethazine (SMZ) and sulfadiazine (SDZ)), SMX showed 

the fastest and highest removal in the anaerobic reactor. The degradation of these SMs 

were better fitted by the first-order kinetic model. The presence of certain concentrations 

of the easily degradable organic matter in the anaerobic reactor could enhance the 

removal efficiency of SMs, suggesting the cometabolism removal mechanism of SMs in 

anaerobic processes. Specific microbial communities in anaerobic sludge were 

responsible for the degradation of SMs. The activity of anaerobic microorganisms might 

be inhibited by increasing the concentration of SMs from 100 μg/L to 300 μg/L, while 

the tolerance of anaerobic sludge with the exposure of antibiotics increased by prolonging 

the contact time. 

Higher and faster removal of SMs and COD were achieved in the MFC in 

comparison with their removal in the conventional anaerobic reactor, indicating that the 

MFC has high potential for treating swine wastewater containing antibiotics. Moreover, 

the removal efficiency of COD in the MFC was little affected by the presence of SMs, 

which revealed that the MFC system has a higher tolerance to toxicants in the wastewater. 

Meanwhile, electricity could be generated stably by feeding with synthetic swine 

wastewater in the anode chamber of MFC. Further increasing of the voltage output was 

observed with the addition of SMs in the wastewater, due to the improvement of the 

activity of exoelectrogenic bacteria after a period of domestication and or the enhanced 

ability of electrons transfer from microbe cell to the anode. 
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For large-scale application, the performance of a continuous flow double-chamber 

MFC was exploded in terms of simultaneous removal of antibiotics, organic matter and 

nutrients from swine wastewater. The MFC system was operated under single continuous 

mode and sequential anode-cathode operation mode, respectively. In the sequential 

anode-cathode operating mode of the MFC, higher removal efficiencies of the above 

mentioned pollutants was achieved than those in the single continuous MFC, due to their 

further removal in the cathode chamber. The toxic effect of SMs on the microorganism 

was observed in the first few days after adding SMs in the MFC. Whereas, the electricity 

generated in the single continuous operating MFC was higher in comparison with the 

generation in the sequential anode-cathode mode, which was little effected by the 

presence of SMs. Moreover, the relative high concentration of NH4
+-N in the cathode 

chamber of the sequential anode-cathode operating of the MFC showed positive effect on 

the removal of SMs by enhancing the activity of ammonia-oxidizing bacteria. Therefore, 

the MFC operated under the sequential anode-cathode operation mode has high potential 

for treating swine wastewater, but the removal efficiency of antibiotics has to be further 

improved.  

To improve the removal efficiency of antibiotics from swine wastewater in the 

continuous flow MFC, a new pomelo peel derived biochar was produced in this study and 

added in the anode chamber of the MFC as a promising adsorbent and biocarrier. The 

biochar has large surface area (2457.37 m2/g) and total pore volume (1.14 cm3/g) by the 

activation of KOH. The adsorption results indicated that SMs could be effectively 

absorbed on the heterogeneous surfaces of the biochar thorough the mechanism of pore-

filling and π-π EDA interaction. The addition of biocahr in the MFC could enhance the 

removal efficiency of SMs to 82.44 - 88.15%, 53.40 - 77.53% and 61.12 - 80.68%, 

respectively, probably due to the combined effect of adsorption and biodegradation. 

Meanwhile, the electricity production, COD and nutrients removal of the MFC was stable 

and slightly improved with the direct dosage of biochar into MFC. Hence, the 

combination of biochar with MFC was an effective method for the treatment of swine 

wastewater with antibiotics. 
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8.2 Recommendations 
The application of the integrated system of biochar and MFC for treating swine 

wastewater containing antibiotics has been comprehensively investigated in this study. 

Some recommendations for the future study are summarized below:  

1) Identify the specific microorganisms in both anode and cathode chambers 

of the biochar - MFC which are responsible for the degradation of 

antibiotics to enrich and domesticate the special strains to further improve 

the removal efficiency of antibiotics; 

2) Investigate the co-existence of antibiotics and other contaminants in swine 

wastewater, such as heavy metals, hormones and other types of antibiotics 

which may affect the removal efficiency of antibiotics in the biochar - MFC 

system; 

3) Explore the accumulation and transfer of antibiotic resistance genes 

(ARGs) in the biochar - MFC system, as well as the concentration of ARGs 

in the effluent of the bioahcr - MFC.  

4) Optimize the production process to further reduce production costs of the 

biochar;   

5) Develop biochar based electrode to improve antibiotic removal from swine 

wastewater; and  

6) Conduct the pilot-scale MFC experiments using real swine wastewater to 

achieve the practical application.  
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