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Abstract 

Fast growing world population demands upgrading water and wastewater 

treatment facilities to overcome requirement of modern lifestyle as well as meeting 

the environmental standards and legislation. Microbial Electrolysis Cell (MEC) is a 

new green technology that offers wastewater treatment with advantages of low 

energy consumption and potential of producing valuable hydrogen gas. 

A MEC employs electrochemically active microorganisms to degrade organic carbon 

into carbon dioxide in anode. By applying small amount of electricity, hydrogen gas 

production is possible in the cathode according to calculated Gibbs free energy. A 

reactor consists of anodic and cathodic cells which are divided by cation or anion 

exchange membrane. Electrodes in anode and cathode are responsible to transfer 

electrons via external wire. The anodic and cathodic compartment connects to 

positive and negative charge of electrical supplier respectively to maintain sufficient 

energy for hydrogen production in cathode.  

Within this research, performance of a MEC reactor was monitored to investigate 

the organic removal efficiency and the study continued to improve the 

performance.  

Different concentrations of electrochemically active microorganisms were 

employed in microbial electrolysis cells reactors to examine the effectiveness on 

COD removal rates. Employing concentration of 6.130 gVSS/lachieved the highest 

COD removal rate (40±2.0 mg/hr).Lower concentrations of 4.550 and 3.365 gVSS/l 

able to remove 25±1.3and 24±1.2 mg/hr of COD, respectively.  

Pipe reactor equipped with electrodes (air-cathode reactor) was tested to enhance 

sulphide production and preventing corrosion and odour in wastewater. Employing 

six electrodes in pipe reactor send the electrons from organic degradation out of 

system to avoid conversion of sulphate to sulphide. Two synthetic solutions of low 

and high sulphate concentrations were examined. In case of high sulphate 
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concentration, the COD reduction was observed double in case of using air-cathode 

reactor while the rate of sulphate reduction was half of normal reactor. The rate of 

sulphate reduction for low sulphate influent was not as significant as the earlier 

case, but COD reduction still shows a significant COD reduction with air-cathode 

pipe reactor. 

Effect of temperature was another factor tested to evaluate optimum temperature 

for higher reactor performance. Different condition of 25, 29, 30, 31 and 35°C were 

set and COD reduction was recorded. The volatile suspended solid also was 

measured to investigate the best environment for microorganisms to grow. Based 

on this study, 31°C introduced as the best result of COD reduction following the 

best condition for microorganism to grow. 

As real wastewater includes various chains of organics, different substrates (Sodium 

butyrate, Valeric acid, Glycine and DL-Serine) were inoculated into the MEC reactor 

and profile of DOC removal observed in cycle of 20-24 hours. The result indicates 

the ammonia could play important role for organic removal. Performance of MEC 

reactor for treating purpose is promising however more investigation needs to be 

carried out in order to elevate the removal efficiency and minimise the retention 

time. 
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1 Introduction 
The world’s population has tripled in last century and water demand has increased 

accordingly. The growth of population as well as industrialisation will boost the 

demand for water usage and this could significantly affect the environment. 

Based on a report by Commonwealth Scientific Industrial Research Organisation 

(CSIRO), a severe period of water shortage is predicted in Australia’s urban centres 

in 2030. Based on the current water supply methods, the shortage is predicted to 

be 680,000mega litres per year. To overcome this issue, it is crucial to promote the 

reuse of water, including water treatment and storage (Davis, 2011). 

Due to the dramatically increasing water demands and declining water resources, 

reused water will be a key factor for future water planning. Generally this can be 

categorised in 3 sections; 

 grey water reuse 

 reuse of effluents from wastewater treatment plant 

 reuse of industrial process water 

Conventional methods for treatment proposed widely include; anaerobic systems, 

activated sludge plants, membrane technologies, desalination plants, ion exchange 

etc. These techniques are very efficient for nutrient removal but have the 

disadvantage of consuming a lot of energy as well as producing by-products such as 

saline water and sludge.  

Bio-electrochemical methodshave recently been considered as a sustainable 

solution for wastewater treatment. Biofuels are novel technology which can treat 

nutrients and produce energy. Microbial fuel cell (MFC) technologies present the 

latest line for electricity generation employing biomass. The Microbial electrolysis 

cell (MEC) is a developed MFC which use bacteria to degrade organic carbon and 

produce hydrogen gas and was invented and patented by ReneA.Rozendal and 

C.J.N. Buisman(Rozendal  & Buisman , 2005). 
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1.1 Fundamental of bio-electrochemical systems (BES) 
Bio-electrochemical systems (BESs), such as microbial fuel cells (MFCs) and 

microbial electrolysis cells (MECs), have been considered as two promising future 

technologies for energy production from organic material. The level of produced 

energy employing BESs now comes closer to the requirements for practical practice. 

However, full-scale application of bio-electrochemical wastewater treatment is not 

available because specific microbiological, economic and technological challenges 

need to be covered that have not been confronted in any other wastewater 

treatment system (Rozendal et al., 2008). 

A BES reactor generally consists of anodic and cathodic chambers which are divided 

by an Anion or Cation Exchange Membrane (AEM and CEM). Each chamber would 

be equipped with electrodes and able to transfer electrons. Organic carbon is 

presented in the anodic part, and a particular type of microorganism degrades it to 

carbon dioxide and transfers the electron out of system via electrodes. The typical 

configurations of the two most famous bio-electrochemical wastewater treatment 

systems are defined in Figure 1-1. 
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Figure 1-1- BES principle, acting in a MFC (a), and a (MEC) for hydrogen 

production (b)(Rozendal René A. et al., 2008) 

Organic material at the anode is oxidised by electrochemically active 

microorganisms. The microorganisms send electrons producing from the oxidation 

reaction to the anode via electrode. Electrons transport to the cathode and 

consume for oxygen reduction (in the case of MFCs). To maintain the neutral level 

of electrons, ions transport between electrodes or alternatively over the 

membrane. In MFC, reactor generate electrical energy, however, in MEC small 

amount of electrical energy needs to be invested into the reactor to pass Gibbs free 

energy and produce hydrogen gas (Rozendal et al., 2008). 

1.2 Working principles of bio-electrochemical systems 

The electromotive force (emf) of the overall reaction or theoretical cell voltage 

happening in BES and shows electricity has to be invested or is produced to drive 
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the reaction. The Emfis calculated from the Gibbs free energy of the overall reaction 

taking place in the BES, based onEquation 1-1: 

Equation 1-1) Emf=∆𝐆
𝐧𝐅
 

emf= electromotive force (in V),  

∆𝐺= the Gibbs free energy of the reaction (in J/mol),  

n= the amount of electrons involved in the reaction (in mol),  

F= Faraday’s constant (96485.3 C/mol).  

The maximum value of useful work that can be achieved from a reaction is 

introduced as Gibbs free energy of a reaction(J.J. Heijnen, et al. 1999). 

In MFC, the emf is positive and the Gibbs free energy of the reaction is negative, 

meaning that electricity can be produced from the reaction. For example, for 

acetate as the organic substrate (∆𝐺=–847.60 kJ/mol; emf=1.10 V): 

Equation 1-2) Anode:   CH3COO- + 4H2O 2 HCO3- + 9 H+ + 8e- 

Equation 1-3) Cathode: 2O2 + 8H+ +8e- 4H2O 

Equation 1-4) Overall:  CH3COO- +2O22 HCO3
- + H+ 

On the other hand, in a MEC, the emf is negative and the Gibbs free energy of the 

reaction is positive, hence electricity needs to be supplied. For instance, If acetate is 

used as the organic substrate to produce hydrogen, (∆𝐺= 93.14 kj/mol; emf= –0.12 

V): 

Equation 1-5) Anode:   CH3COO- + 4H2O 2 HCO3
- + 9 H+ + 8e- 

Equation 1-6) Cathode:  8H+ +8e- 4H2 

Equation 1-7) Overall:  CH3COO- + 4H2O 2 HCO3
- + H+ +4H2
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The value of the emf indicates the best possible cell voltage can be produced in 

microbial fuel cell and the least required voltage that is necessary to drive microbial 

electrolysis cell. The required applied voltage was  theoretically calculated from the 

Gibbs energy according to Equation 1-1(Bard & Faulkner, 2001). The practical 

working conditions, however, requires more energy due to various electrochemical 

losses, such as electrode potential losses (i.e. electrode over potentials) and ohmic 

losses (Bruce E. Logan et al., 2006). In case of a MFC this results less positive cell 

voltage than the emf, and therefore less electrical energy is produced. In MEC, the 

cell voltage will become more negative than the emf and more electrical energy is 

required. (Rozendal et al., 2008). 

1.3 MEC for wastewater treatment 
MEC is a hydrogen production technique with the potential to convert organics 

materials in wastewaters. Employing this method, even substrates addressed as 

unsuitable for hydrogen production can be converted to hydrogen gas. This could 

be achieved by utilising electrochemically active micro-organisms that have the 

capacity of hydrogen production from the oxidation of organic matter (Rozendal 

René A. Et al., 2006). 

Dissolved organics are degraded into hydrogen gas and carbon dioxide during the 

process in presence of electrochemically active microorganisms acting as the 

catalyst. So, this method is referred to as “bio-catalysed electrolysis” (Rozendal  & 

Buisman, 2005). First, MEC reactor was built as a two chamber reactor with a 

cationic exchange membrane (CEM) and 0.75 V was applied into the 

system(Rozendal René A. et al., 2006).  

The application of using MEC for wastewater treatment carries the advantage of 

consuming less energy compared to conventional systems as well as potentially 

being a cheap hydrogen production technique. MEC reactors have been used for 

wastewater treatment purposes in many cases of synthetic and real wastewater 

and the summary of previous experiences is demonstrated in Table 1-1.

http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science?_ob=MathURL&_method=retrieve&_udi=B6V3F-4J5T5RJ-1&_mathId=mml35&_user=41361&_cdi=5729&_rdoc=1&_ArticleListID=990011374&_acct=C000004498&_version=1&_userid=41361&md5=40019dc738d391b12d85505e060da4ce
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science?_ob=MathURL&_method=retrieve&_udi=B6V3F-4J5T5RJ-1&_mathId=mml35&_user=41361&_cdi=5729&_rdoc=1&_ArticleListID=990011374&_acct=C000004498&_version=1&_userid=41361&md5=40019dc738d391b12d85505e060da4ce


Chapter-1: Introduction 

 

7  

 

 Table 1-1: Summary of previous research using MEC in wastewater treatment 

Technique Substrate COD* removal Hydraulic Retention Time 
(h) Reference 

Bioelectrochemically assisted 
microbial reactor (BEAMR) 

Domestic wastewater  >80%  (Ditzig, Liu, & Logan, 2007) 

MEC Synthetic Wastewater (SWW) 
including proteins  

8.7 gLR
-1d-1 16.5  (Tartakovsky et al., 2011) 

MEC SWW- acetate 21% 

83% 

30 h 

3 months 

(W. Liu et al., 2011a) 

MEC Swine wastewater 8 to 29% 

69 to 75% 

20 h 

184 h 

(Wagner et al, 2009) 

MFC + MEC Winery wastewater 

Domestic wastewater 

47% 

58% 

Over one day 

Over one day 

(Cusick et al , 2010) 

Dark Fermentation + MEC+MFC Cellulose + yeast extract + 
tryptone 

Max  64% 32 h for fermentation & 
28 h for MEC 

(Rozendal et al., 2008) 

MEC Acetate  Max 47% 8 h (Aboutalebiet al., 2011) 
MEC Proteins  Total COD removal: 

86-91% 
38-73 h (Luet al., 2010) 

*COD: Chemical Oxygen Demand 

Most research about MEC was mainly focused on hydrogen production rather considering treatment purposes. 
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1.4 The research objective 
In most of the previous research, hydrogen production is considered as the main 

focus; of MEC reactors. In this study, MEC as a green method for wastewater 

treatment has been targeted with the great bonus of hydrogen production. 

Theoretically, the more organic carbon degrades to carbon dioxide, released 

higher level of electron to the media and more hydrogen should be observed. 

One of the main barriers for industrial use of MEC in wastewater treatment is long 

hydraulic retention time (HRT) which requires large lagoons, tanks or reactors for 

treatment process and consequently will increase the capital investment. To 

achieve higher rate of COD (chemical oxygen demand) removal using MEC, 

different parameters have been investigated in this research and various 

substrates were studied to cover the variety of organic carbon and amino acids in 

actual wastewater. 

To fulfil the main objective the following sub-objectives are set: 

 fundamentals of MEC, and how to set up a basic reactor 

 rate of COD reduction in anodic part of MEC plus nitrate removal in 

cathodic chamber 

 expediting the rate of COD removal in reactor by optimising biomass 

concentration 

 optimising temperature for higher COD removal and better growth of 

biomass 

 examine different organic substrate in reactor 

1.4.1 Research significance 

Due to increasing in population during last decades, the amount of water 

consumed has increased significantly. Moreover, industrial development is the 

other issue which drain water sources. A water crisis has already started on our 

planet and there is no choice except bringing recycled and reused water into play.  
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Conventional technologies are mostly effective, but have the disadvantage of high 

energy consumption. Upgrading the system for high treatment quality as well as 

energy efficiency would be a preferred technique in the 21 century.  

MEC as a green treatment method can convert wastewater to precious hydrogen 

through biochemical reaction. The big challenge for employing MEC as a 

treatment method is its low efficiency and demand of long HRT which requires 

high capital investment. In this study effective parameters for higher MEC 

performance were targeted.  

Although this technology is in its first steps, it has already developed significantly 

recently. Accelerating organic degrading could have a positive effect on the 

hydrogen production value as well. The other challenge of this system is to 

investigate the performance of a MEC reactor for complicated substrates such as 

glucose, butyrate etc. This would be a vantage point to boost this technique for 

future industrial scale. 

1.4.2 Composition of thesis 

A series of experiment was carried out in order to find out the fundamentals of a 

MEC reactor, the important parameters for better performance.  Finally there was 

an investigation to optimise variables for higher organic removal as well as testing 

different components to gradually overcome the barrier of employing MEC as a 

green and economical treatment method. The map of this thesis is described as 

follows; 

Chapter-1:  focused on the importance of finding new technologies for 

wastewater treatment proposed, as well as the fundamentals of a MEC reactor.  

Chapter-2: literature review and referencing other researches and studies 

which clarify the fundamentals of this thesis. 

Chapter-3: materials and methods are presented in this chapter and mainly 

explain the media used for experiments, the reactor set up including the detail of 
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materials used for the reactor, anode, cathode and membranes. Also the method 

of recording data and the type of equipment employed are described in this 

chapter. 

Chapter-4: the results of initial experiments have been presented in this 

chapter, which includes observation of COD reduction in a two compartment MEC 

reactor. This experiment mainly focused on the general fundamentals of MEC and 

monitoring the anodic compartment to study COD reduction. 

Chapter-5: anodic compartment has the potential for oxidising organic carbon. 

Based on the theory, in the cathode part the reduction reaction can spontaneously 

occur which could lead for nitrate removal in the cathode. The objective has been 

tested in chapter-5 in two cases: presence and absence of denitrifying bacteria. 

Chapter-6: the results of COD reduction in MEC were promising and to improve 

the reduction, different concentration of microorganisms were investigated. 

Chapter-7: the concept of an air cathode has been used to accelerate COD 

degradation and eliminate sulphate reduction in synthetic wastewater. The result 

of experiment was encouraging to use this simple technique for achieving COD 

reduction and controlling corrosion in a sewage pipe system. 

Chapter-8: COD reduction was evaluated at different temperatures to find out 

the optimum temperature point for reactor and microorganism. 

Chapter-9: various organic carbon have been tested in MEC reactor to 

investigate the capability of MEC for degrading long chain of organic carbon and 

nitrogen. 

Chapter-10:  conclusion and suggestion 
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2 Literature Review 

2.1 Foundation of MEC 
The story of direct electron transfer by electrochemically active micro-organism on 

electrodes dates back to 19thcentury (Kim, Kim, Hyun, & Park, 1999). Bio-

electrochemical treatment of wastewater is a promising technique and the study 

is mainly focused on (i) microbial fuel cells (MFCs) for power generation(Rabaey et 

al., 2007) and (ii) bio-catalysed electrolysis (or BEAMR process) for hydrogen gas 

production (H. Liu, Grot, & Logan, 2005; Rozendal  & Buisman 2005; Rozendal 

René A. et al., 2006).  

The first MEC reactor has two chambers which were separated by a cation 

exchange membrane and sodium acetate was employed as synthetic wastewater. 

At an applied voltage of 0.5V the bio-catalysed reactor produced approximately 

0.02 m3H2/m3 reactor liquid volume/day with an overall efficiency of 53±3.5% 

(Rozendal René A. et al., 2006). Another experiment was carried out by the same 

group and despite of low efficiency of reactor (hydrogen yield 49%), the volum of 

hydrogen production 0.31 L was observed (Rozendal, Jeremiasse, Hamelers, & 

Buisman, 2007). 

2.2 Theoretical and practical applied voltage 
In the anodic part of MEC, organic carbon degrades into carbon dioxide in 

presence of microorganism. Microorganisms release produced electrons to the 

electrode surface to generate current. Protons would be released as the 

degradation of organic carbon. In case of using cation exchange membrane, 

protons can travel to the cathodic part to form hydrogen gas. Based on Equation 

1-7, the Gibbs free energy for hydrogen production is positive and the reaction will 

not proceed spontaneously. Theoretically in case of using acetate as source of 

organic carbon for instance, an applied voltage of 0.14V is required for hydrogen 

production (Oxidation of one molar acetate solution at pH 7).Practically the 

required energy is more than 0.14V due to two main reasons; 1- consumption of 

energy by microorganisms for growth and maintaining cells. 2- energy lost in cell 
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due to ohmic resistance of the electrochemical system (Rozendal René A. et al., 

2006).  

Hydrogen production employing water electrolysis method proceed at cell voltage 

of higher than 1.6V comparing to MEC technique.(DR., 1998; K. K., 1992; Rasten et 

al., 2003) 

2.3 Electrochemically active microorganisms 
The capability of electrode reducing microorganisms to transfer electrons through 

anode or any electrochemical media (exogenous and endogenous) was well 

known. However it was studied for the first time that organic compositions were 

totally oxidised to carbon dioxide and current was generated(Daniel R. Bond, 

Holmes, Tender, & Lovley, 2002). 

Performance of a MEC reactor is linked to the efficiency of microbial culture.  Both 

MFC and MEC reactors have the same concept of employing electrochemically 

active microorganisms those are able to transfer released electron from 

degradation reaction out of the system through the electrodes. Same 

characteristic of microorganism in MFC could be used in MEC. 

2.3.1 Characteristics of microorganism 

Diverse ranges of electrode reducing microbial group by various MFC have been 

claimed. The result of community analysis of MFC biofilms indicated that 

microorganism mostly present in the form of bacterial communities that develop 

on the anode rather than single type. This is mainly because various bacteria are 

capable of electricity production and are variably affected by the range of system 

architectures, operation conditions, electron acceptors and electron donors at the 

cathode. There would be always a portion of the community can be presented by 

alternative metabolisms such as methanogenesis, fermentation and employing 

terminal electron acceptors which are not involved in electricity production(Bruce 

E. Logan & Regan, 2006). 
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Geobacter or Shewanella are believed to be the most important community 

member (Holmes DE, Bond DR, & DR., 2004; Bruce E. Logan, Murano, Scott, Gray, 

& Head, 2005) although much broader of uncharacterised community are 

documented as well. In fact there is a high range of bacteria capable of surviving in 

MFCs even in situation where the biofilm is enriched through successive transfer 

and enrichment (Bruce E. Logan & Regan, 2006). 

The iron-reducing bacteria are believed to have the important contributors to 

power generation in microbial fuel cells however more discoveries are required 

about these bacteria. Treated and untreated wastewater was inoculated into the 

MFCs in many cases. In one research, micro auto radiography (MAR) using radio 

labeled acetate was employed with ferric iron as the electron acceptor to 

investigate the abundance of iron-reducing bacteria in activated sludge reactor for 

wastewater treatment purpose. Methanogens and sulphate reduction bacteria 

were inhibited in these studies. The result claims that iron reducing bacteria in 

activated sludge could reach as much as 3% of bacteria (Nielsen, Juretschko, 

Wagner, & Nielsen, 2002). The outcome is an evidence of sustaining these bacteria 

under aerobic condition of activated sludge plant. Unfortunately there is not much 

certaintyaboutiron reducing bacteria based on well-studied isolates such as 

Shewanella (Gammaproteobacteria) or Geobacter (Deltaproteobacteria) species 

(B. E. Logan, 2007). 

2.3.2 Mechanism of electron transferral 

Electron transfer between microorganisms and electrodes is critical for higher 

efficiency both in MFC and MEC. Understanding the principle of transferring 

electrons would also affect the reactor design and material selection. The definite 

mechanisms for electron transfer are not fully recognised, however, three 

techniques have been proposed (Figure 2-1): i) long-range electron transfer via 

electron shuttles, ii) direct electron transfer via outer-surface c-type cytochromes, 

and iii) long-range electron transfer via conductive pili or “microbial nanowires” 

(Wrana, Sparling, Cicek, & Levin, 2010). 
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Figure 2-1: Three mechanisms of electron transferring 

2.3.2.1 Electron-shuttles 
Particular microorganisms generate soluble exogenous mediators that shuttle 

electrons from cells to insoluble compounds via diffusion. This was first observed 

in Shewanella putrifaciens (Newman D. K. & Kolter R., 2000) and later studied in 

MFCs injected with S. oneidensisMR-1 (Lanthier, Gregory, & Lovley, 2008) and 

results claimed that half of the S. oneidensis cells were planktonic, offering 

substrate oxidation and concomitant current generation were coupled to long-

range electron shuttles. Diverse methodsemployed to discover redox-active 

molecules eventually identified riboflavin secretion as the mechanism for 

extracellular electron transfer in Shewanellasp.(Enrico et al., 2008; R., 2008;von 

Canstein  H. , Ogawa J. , Shimizu S. , & J.R, 2008). This mechanism for electron 

transfer also has been monitored in Geothrixfermentans(Bond Daniel R. & Lovley 

Derek R., 2005). Unfortunately, despite the advantages of long-distance 

interaction with an electrode, electron shuttles may not be the most favourite 

system for bacterium due to their energetically taxing behaviour(Lovley D.R. & 

Nevin K.P, 2008; Mahadevan R et al., 2006). 

2.3.2.2 Direct contact via outer membrane c-type cytochromes 

Direct contact between the anode and the cell is also an alternate through outer 

membrane c-type cytochromes. In the research recorded by (Lanthier et al., 2008), 

the other half of S.oneidensis cells that were not planktonic were attached to the 
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surface of the anode. This reflects that multiple mechanisms for electron transfer 

may be possible. Further studies needs to be carried out to differentiate between 

indirect and direct mineral reduction pathways. Non-porous glass beads deposited 

with Fe(III) (hydr) oxide were employed to measure iron reduction by S.oneidensis 

MR-1 both indirectly and as a biofilm (Lies DP et al., 2005). Results from strains 

with mutations in cyma and omcBindicated a potential reduction process in which 

cytoplasmic c-type cytochrome CymA is needed for both direct and indirect 

mineral reduction whereas outer membrane c-type cytochrome OmcB is not 

required for indirect iron reduction (Lies DP et al., 2005). It has been suggested 

that CymAacts as the terminal electron acceptor in the electron transport chain of 

S. oneidensis MR-1 whereas OmcB acts as a direct electrical contact between the 

microbe and the electrode surface (Debabov VG, 2008). 

The importance of outer membrane c-type cytochromes highlighted with Gene 

deletion studies in G. sulfurreducens.Two genes that encode outer membrane 

cytochromes, omcS and omcE, were targeted based on high transcript levels 

during growth on an electrode as the sole electron acceptor (Holmes D.E.  et al., 

2006). Results of this research indicates the importance of outer membrane c-type 

cytochromes to do the electron transfer to an electrode (Lovley DR, Phillips EJ, 

Lonergan DJ, & Widman PK, 1995). Also, electron transport proteins placedinto 

the outside membrane of the cell cannot explain how thick biofilms up to 75μm 

(R., 2008)appear along anode surfaces as reported in many MFC studies (D. R. 

Bond & Lovley, 2003; Reguera et al., 2006; Nevin et al., 2008). Morestudiesusing 

G. sulfurreducens led to a better understanding of electrically conductive pili 

famous as “nanowires” (Reguera et al., 2005). 

2.3.2.3 Electron transfer via microbial nanowires 
According to (Reguera G., 2009), the nanowires of G. sulfurreducens are protein 

filaments composed of the repeated single unit PilA. The electrically conductive 

conduits will enable nanowires to communicate with microbial cell. The high 
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current and power generation in MFC is the result of high electron transfer from 

the surface of electrodes as well as the outer biofilms. 

A study by Reguera et al., 2005 investigated the link between the nanowires of G. 

sulfurreducens and insoluble and soluble electron acceptors. It was observed that 

pilA-deficient mutants of G. sulfurreducens formed biofilms along the surface of a 

graphite anode that was not connected in electrical series to a cathode, using 

fumarate as the terminal electron acceptor (Lovley D.R. & Nevin K.P, 2008). The 

recent discovery suggest that nanowires may not be for biofilm growth, 

thoughtthey have significant effect on high current production in MFC(Wrana et 

al., 2010). 

2.4 Materials and architectures 
The first challenge in construction of a MEC is to choose the appropriate material 

in order to receive the highest columbic efficiency and hydrogen production,and 

the next step is identification of materials which are cost effective and suitable for 

scalable purpose.  

The main three parts of MEC are electrodes in anode and cathode, electrolyte and 

membrane although the last one is omitted in some design. The material used in 

MEC generally followed the same path as MFCs (Rabaey Korneel et al., 2009). 

2.4.1 Electrodes 

The basic technical objective for electrodes is high conductivity, non-corrosive, 

high specific surface area and porosity. Also it needs to be inexpensive and easy to 

construct for scaling up (B. E. Logan, 2007). The electrons generated by bacteria 

will travel via the anode and if the material of electrode is not highly conductive, 

most of the energy could be lost. There are wide range of materials have been 

used in MEC reactors but the most common one are listed below; 

Graphite or carbon rods, plates, clothe and sheets. There are large varieties of 

graphite product to choose for anode. They have relatively defined surface area 

and have been extensively used in electrochemical studies. Sanding the surface 
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increase the surface area and improve bacterial growth. In case of using carbon 

clothe, it could be used as the plain carbon clothe as well as coated for extra 

conductivity. Generally these materials are cheap and could be supplied by many 

vendors. Employing of graphite or carbon material has mentioned by many 

researches i.e. Gil-Carrera et al., 2011; Jeremiasse et al., 2011; Rader & Logan, 

2010;Wang et al., 2010. 

Graphite granules.Thisrefers to the chunks of graphite that resemble pencil lead 

in their appearance and are available from different vendors. The granule size can 

be vary and generally need to be treated with acid and base to wash out the ions 

before employing in the reactor. Use of graphite granules has been reported for 

different experiments (Aboutalebi et al., 2011; Guo, Tang, Du, & Li, 2010;Wang, 

Liu, Ren, Cheng, & Lee, 2010). 

Graphite fibres and brush.Graphite fibre brush electrodes provide the highest 

specific surface areas and porosity form. The brush could be made from carbon 

fibre sourced by variety of manufacturers. The core of brush is made by non-

corrosive metal such as titanium wires. Due to the small size of brush extremely 

high specific surface area can be maintained. This anode material was used in the 

experiment by B. Logan et al., 2007 for a MFC reactor but also could be used in 

MEC (Figure 2-2). Although specific surface provided by this anode is high, the 

produced hydrogen in MEC could be trapped in the brush and cause reduction in 

hydrogen production system especially in one chamber reactors. This type of 

electrodes have been used widely in MEC (Ambler & Logan, 2011; Cusick et al., 

2010; Lalaurette et al., 2009; Lu et al., 2010; Munoz et al., 2010; Nam & Logan, 

2011; Nam, Tokash, & Logan, 2011; Selembo, Merrill, & Logan, 2009; Wagner et 

al., 2009; Wang et al., 2009). 
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Figure 2-2- Graphite fibre brush (B. Logan et al., 2007) 

Metals and metals coating. Metals and carbon paper coated with metals have 

been used in some experiment although it is not as popular as graphite rod, 

granules and brush. A nickel alloy cathode was employed by Hu et al., 2009 in a 

single chamber tubular MEC. Platinum coat was also investigated in a study by (Jia 

et al., 2012) in a two chamber MEC while mixing of coating made by stainless steel 

and nickel oxide mixture was found to be used by other researchers (Selembo, 

Merrill, & Logan, 2010).  

2.4.2 Membranes 

The principle of employing membrane in MEC has questioned due to its’ 

advantages and drawbacks. In fact the new design of membrane-less type of MECs 

are increasingly being applied since 2008 (Call & Logan, 2008). In MEC, membrane 

was used to separate the anodic and cathodic solution. There is also one chamber 

design which does not use any membrane. There are two types of membrane 

could be used in MEC including cation exchange membrane (CEM) and anion 

exchange membrane (AEM).The membrane devides the produced hydrogen and 

the anode where it is consumed by methanogens. In other word, membrane 

separates produced hydrogen from mixing with other gaseous metabolic products 

from the anode chamber, such as CO2, CH4 or H2S(Clauwaert & Verstraete, 2009; 

Tartakovsky, Manuel, Neburchilov, Wang, & Guiot, 2008). 
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One the other hand, presence of membrane will cause energy losses as the pH 

gradient will be formed around the membrane. In case of using cation exchange 

membrane, pH in anode will go down while it would increase in cathode. Based on 

the Nernst equation, for each degree of pH difference in reactor, 0.06V energy 

would be lost. 

Generally pH is 7at wastewater and proton concentration is 10−4 mM. However 

the concentration of cation ions other than protons is normally 4-5 times 

higher.To maintain the neutral status of electro in the MFC protons and other 

cations travel throughCEM. Protons are consumed equimolarly with electrons at 

the cathode part of in MECs (Equation 2-1) and in the hydrogen evolution reaction 

in biocatalysed electrolysis (Equation 2-2) and the transport of cationic ions other 

than protons, causes a pH increase in the cathode compartment(G.-C. Gil et al., 

2003; Rozendal, Hamelers, & Buisman, 2006; Rozendal, Hamelers, Molenkamp, & 

Buisman, 2007; Zhao et al., 2006). 

Equation 2-1)  O2 + 4H++ 4e−→ 2H2O 

Equation 2-2)  2 H++2 e−→H2 

Anion exchange membrane creates less internal and transport resistance, and 

consequently cause lower potential loss comparing to cation exchange 

membrane(Sleutels, Hamelers, Rozendal, & Buisman, 2009).  

2.4.3 Catholyte 

Catholyte refers to the media inoculated in reactor chamber. In two 

compartments reactors, anodic and cathodic solutions are separated by employing 

membrane. The media is used in anodic chamber need to provide enough 

nutrients to sustain the microorganism. Basically simple organic carbon, source of 

nitrogen (ammonia) and phosphorous, are key elements to utilise the 

microorganisms’ cells.  
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Sodium acetate is a basic organic carbon which popularly has been used in MEC 

for many previous experiments. It is the smallest organic chain which would be 

degraded to carbon dioxide through a biodegrading process. As it is described in 

Table 1-1, other substrate such as glucose, cellulose and different type of synthetic 

and practical wastewater have been examined in MEC. 

In many experiments, to maintain nutrient pH gradient over the membrane and 

avoid inhibition of current generation by bacteria , buffer solution (generally 

phosphate buffer solution) has been employed as the cathodic solution(Cheng, 

Kiely, & Logan, 2011; Kyazze et al., 2010; W. Liu et al., 2011b; Merrill & Logan, 

2009; Sleutels et al., 2009; Wang et al., 2010). In one study, saline solution was 

employed in cathode instead of phosphorous buffer solution to investigate if pH 

increases could be minimizing in the cathode chamber. High rate of hydrogen 

production was achieved while stainless steel mesh electrode was employed in the 

reactor. As the result of experiment, it was suggested that using phosphate buffer 

is not needed and a saline solution similar to NaCl or seawater can be effectively 

used in the cathode chamber(Nam & Logan, 2011). 

The effect of pH and temperature control on rate of hydrogen production, current 

generation and COD reduction also have been investigated for continuous flow 

rate of MEC. The highest hydrogen production rate was obtained at 850 mV, pH 5 

amounting to 200 cm3
stp/lanode/day (coulombic efficiency 60%, cathodic hydrogen 

recovery 45%, H2 yield 1.1 mol/mol acetate converted and a COD reduction of 

30.5%). Within the range of temperature tested (18.5–49.4 °C), 30 °C was 

determined to be optimal for hydrogen production. These results indicate that an 

optimum temperature (approximately 30 °C) occur for MEC and that lower pH in 

the cathode chamber improves hydrogen production (Kyazze et al., 2010). 

Although the effect of temperature has been investigated, but the above study 

only focused on continues flow reactor, and apparently did not include the growth 

rate of microorganisms.  

http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0360319910009717
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2.4.4 Single chamber reactor 

Produced hydrogen in anode chamber might be consumed by bacteria and, hence 

to eliminate the problem, membranes have been employed in MECs. However in 

one research by Call & Logan, (2008) hydrogen production was investigated in 

single chamber membrane free MEC reactor(Call & Logan, 2008). Membrane has 

been reported in many cases to divide cathode and anode chamber. Some 

membranes such as Nafion exchange membrane cause increasing in internal 

resistance especially at neural pH while it is expensive too. In the study run 

byRozendal, Hamelers, et al.(2007)high potential losses were reported using 

cation exchange membrane (CEM, 0.38 V) and anion exchange membrane (AEM, 

0.26 V), which consequently caused low energy recovery and required higher 

applied voltage. Using the option of membrane-less reactors ease the 

construction, maintenance and operation and furthermore eliminate the internal 

resistance. This will result in higher rate of hydrogen production however by 

employing this design, the quality of produced gas decreases(Call & Logan, 2008). 

The basic construction of the recent study has been used in most of experiments 

carried out in this thesis.  

2.5 Potential losses in MEC 
The invested voltage (Ecell)is divided asa reversible and irreversible energy loss. The 

reversible part of invested voltage refers to the thermodynamic energy to produce 

hydrogen gas based on the equilibrium voltage. The recent energy is converted to 

hydrogen gas. The pH set at 7 for the anode and cathode at start of experiment 

and therefore the calculation of equilibrium voltage was at this condition. Nurnst 

equation and actual concentration of anode used to calculate equilibrium 

voltageEquation2-3; 

Equation2-3)

 𝐸𝑒𝑞 = 𝐸𝑐𝑎𝑡−𝐸𝑎𝑛 = �𝐸𝑐𝑎𝑡° − RT
2F

ln 𝑝𝐻2
[10−7]2

� − �𝐸𝑎𝑛° − RT
8F

ln [𝐶𝐻3𝐶𝑂𝑂−]
[𝐻𝐶𝑂3−]2[10−7]9

� 

Where; 



Chapter-2: Literature Review 

 

23  

 

Ecell= the applied voltage (V) 

Eeq= the equilibrium voltage (V) 

Ecat = the theoretical cathode potential (V) 

Ean= the theoretical anode potential (V) 

Ecat
0= the standard cathode potential (V) 

Ean
0= the standard anode potential (V) 

R=universal gas constant (8.3145 J mol−1 K−1) 

T= the temperature (303 K) and  

F= the Faraday constant (96 485 C mol−1) 

 

The second part of applied voltage is irreversible energy. This energy is consumed 

because of the resistances in various parts of the reactor (Equation2-4). This 

voltage loss includes of (i) anode over-potential (ηan), (ii) the pH gradient around 

the membrane (EΔpH), (iii) ionic losses (Eionic), (iv) cathode over-potential (ηcat)and 

(v) transport losses (ET)(Fan, Sharbrough, & Liu, 2008) 

Equation2-4)  𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑒𝑚𝑓 − 𝐸∆𝑝𝐻 − ŋ𝑐𝑎𝑡 − ŋ𝑎𝑛 − 𝐸𝑇 

When pH gradient occur over the membrane, extra amount of potential will be 

losing(Rozendal et al., 2006). Equation2-5 shows the calculation of pH gradient 

loss (V) over the membrane; 

Equation2-5)  𝐸∆𝑝𝐻 =  𝑅𝑇
𝐹

ln (10(𝑝𝐻𝑐𝑎𝑡ℎ𝑜𝑑𝑒−𝑝𝐻𝑎𝑛𝑜𝑑𝑒)) 

The overpotential (V) in the anode and cathode was mentioned inEquation2-6; 

Equation2-6)  ŋ𝑎𝑛 =  𝐸𝑎𝑛 ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −  𝐸𝑎𝑛ŋ𝑐𝑎𝑡 =  𝐸𝑐𝑎𝑡 −  𝐸𝑐𝑎𝑡,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  

where𝐸𝑐𝑎𝑡,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the recorded cathode potential and𝐸𝑎𝑛,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑is the anode 

potential. Equation2-3 shows the calculation of cathode and anode over-

potentials using the real concentration of acetate, bicarbonate and protons at the 

start and end of experiment. The anode and cathode over-potential divides into 

the charge transfer over potential, the potential that is consumed by the micro-
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organisms for utilisation of their body cell and mass-transfer. The ionic loss (V) of 

the electrolyte resistance in the anolyte and catholyte and was calculated with 

Equation2-7; 

Equation2-7)  𝐸𝑖𝑜𝑛𝑖𝑐 =  𝐼𝑖𝑜𝑛𝑠 �
1
2
𝑅𝑎𝑛 + 1

2
𝑅𝑐𝑎𝑡� = 𝐼𝑖𝑜𝑛𝑠 �

𝑑𝑎𝑛
2𝐴𝜎𝑎𝑛

 + 𝑑𝑐𝑎𝑡
2𝐴𝜎𝑐𝑎𝑡

� 

where 

𝐼𝑖𝑜𝑛𝑠:The flow of ions along the electrolyte (A m−2), equal to the current density,  

𝑑𝑎𝑛: The distance between the anode and the membrane (m),  

𝑑𝑐𝑎𝑡 : The distance between the cathode and the membrane (m),  

A :The surface area (m2),  

𝜎𝑎𝑛: The anode conductivity (S m−1)  

𝜎𝑐𝑎𝑡 : The cathode conductivity (S m−1) 

The potential loss can be occurred when the ions are transferring over the 

membrane. The difference between the reference electrode in anode / cathode 

and the corrected reference electrode for ionic resistance is the Transport loss (ET) 

and was calculated using Equation2-4(Sleutels et al., 2009; ter Heijne, Hamelers, 

de Wilde, Rozendal, & Buisman, 2006) 

Some parameters such as pH, potential in anode / cathode, produced current 

density, the cell voltage and conductivity need to be measured in order to 

calculate the potential losses. 

2.6 MEC and wastewater treatment 
Although conventional methods have high performance efficiency, they are 

associated with high energy demand. In the following sections the necessity of 

employing new technologies for wastewater treatment is highlighted while the 

history of employing MEC for treatment is explained.  
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2.7 Common wastewater treatment techniques 
Conventional treatment techniques offer high removal efficiency for a wide range 

of organics. For instance, by using a Hybrid Biological Reactor (HBR), a 83.7% of 

total organic load (760 ppm) was removed in 6 hr(Jianlong, Hanchang, & Yi, 

2000).A detail table of organic load and removal rate using different biological 

process treatments is presented in Table 2-1(Gander, Jefferson, & Judd, 2000); 

Table 2-1: Various biological treatment methods vs. Organic loading rates 

Reactor 
Organic loading rate 

(kgBOD5 m−3 day−) 

Hydraulic 

Retention 

Time (h) 

Percentage 

removal 

Biological Aerated Filter (BAF) 

Down-flow 1.5 (COD) 1.3 93 

Up-flow 4 – >93 

Down-flow 7.5 – 75 

Trickling Filter (TF) 

Low rate 0.08–0.4 – 80–90 

Intermediate 0.24–0.48 – 50–70 

High rate 0.48–0.96 – 65–85 

Activated Sludge Plant     

Sequencing batch 0.08–0.24 12–50 85–95 

Conventional 0.32–0.64 4–8 85–95 

Complete-mix 0.8–1.92 3–5 85–95 

High-rate aeration 1.6–16 2–4 75–90 

Membrane Bio-reactor (MBR) 

Sub. (HF)  0.03–0.06 1 98–99 

Sub. P+F (Kubota) 0.39–0.7 7.6 99 

Sub. P+F 0.005–0.11 8 98 

Sub HF 1.5 (COD) 0.5 87–95 

SS ceramic 0.18 24>95  

SS P+F 0.45–1.5 (COD) 8 88–95 
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Key; SUB: submerged; SS: side-stream; P&F: plate and frame; HF: hollow fibre; T: tubular; PS: 

polysulphone; PE: ployethylene; C: ceramic; MWCO: molecular weight cut-off; ND: no data given. 

BasedonTable 2-1, for example, a biological aerated filter achieved 93% organics 

removal in 1.3 hr with an activated sludge plant coupled with high rate aeration 

achieved 75-90% organics removal in 2-4 hr.    

Despite the high efficiency in nutrient removal, application of conventional 

methods in wastewater treatment associate with high energy consumption and 

relatively expensive construction. 

Anaerobic systems have the capability of energy generation although the 

complete treatment cannot cover by relying only on this technique and additional 

process required to meet the discharge standards. In an anaerobic technique, the 

rate of methane production is about 0.35 m3/kg of COD removed where energy 

content of methane is 35,846 kJ/m3 at 0°C and 1 atm. Aerobic treatment system 

works well for nutrient removal however requires high level of electricity mainly in 

the aeration units (1.9 × 106kJ/d, for 100 m3/d of wastewater with strength of 10 

kg/m3 at 20°C) (Metcalf and Eddy, Tchobanoglous George, Burton Franklin , & 

David, 2002).  

The energy costs of two municipal full scale membrane bio reactors, detached 

with Zenon membranes, in the range of 1–2 kWh per m3 of permeate produced 

was reported by Cornel & Krause(2004). A Toray flat sheet membranes as a full 

scale membrane bioreactor (range between 0.8 and 1.2 kWh per m3 of permeate 

produced) was monitored by Mulder(2009). Generally  due to the higher energy 

cost for pilot scale, the result of energy efficiency for pilot plant of membrane bio 

reactors are not reliable (J. A. Gil et al., 2010; Gnirss et al., 2009). 

2.8 Energy efficiency by employing MEC 
Global energy requirement and environmental issues attached to fossil fuel urge 

researchers and scientists to approach alternative energy resources. Hydrogen gas 

has the potential of future source of energy as it offers a very clean fuel with high 
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energy yield(Escapa, Gil-Carrera, García, & Morán, 2012). Employing biological 

process provide the advantage of producing less waste comparing to thermal 

methods(Gómez et al., 2011). Consequently, wastewater can be regarded as a 

possible alternative resource rather than an useless materials (Angenent, Karim, 

Al-Dahhan, Wrenn, & Domíguez-Espinosa, 2004). In contrast, activated sludge 

systems, a successful example of conventional waste water treatment, consumes 

huge amount of energy and demands a high treatment cost(Rosenbau M., Agler 

M.T., Fornero J.J., Venkataraman A., & Angenent L.T., 2010). Hence, employing 

new technologies to effectively treat wastewater, consuming less energy and 

produce valuable by-products is highly demanding. 

2.9 Dissolved organic carbon removal 
Variety of wastewater compositions in both synthetic and real categories were 

charged through the MEC reactors so far and the results show promising potential. 

Due to early stage research for MEC, many researches were conducted for 

individual organic compositions such as acetate, glucose and cellulose as the basic 

structure of wastewater to study the performance. Also some actual wastewater 

with high COD load was investigated while the major focus was on hydrogen 

production rather the treatment purpose.  

2.9.1 Acetate 

Acetate is a common substance in synthetic wastewater composition and is widely 

used in many studies. Acetate contains two organic carbons (CH3COOH) and could 

degrade to carbon dioxide in presence of microorganisms to maintain proton for 

hydrogen production. Hydrogen production of 10 m3 H2 / m3 reactor liquid 

volume/day from acetate at an applied voltage of as low as 0.3-0.4 V was achieved 

by optimising the process (Rozendal et al., 2008).In another experiment run by 

Guo et al.(2010) production of 1.58 L/L reactor liquid volume/day was observed by 

increasing the voltage to 1.0 V in a 24 h batch test. The results of the study 

demonstrated the possibility of reducing methane production and improve the 

hydrogen recovery with operating a MEC at a relative higher voltage (>0.6 V). 
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Columbic efficiency and hydrogen production yield were improved in a two 

chambers MEC reactor where rate of COD removal were observed at 21% and 83% 

for 30 h and 3 months respectively (W. Liu et al., 2011b). 

2.9.2 Glycerol 

A membrane-less reactor have been studied with glycerol feeding with various 

load of COD and different applied voltage at 25°C. Glycerol degrade to 

fermentation product, mainly propionate, 1, 3-propanediol and acetate. The 

highest volumetric rate of hydrogen production was 0.6 L La
−1 d−1 and obtained at 

a glycerol load of 2.7 g La
−1 d−1 and an applied voltage of 1.0 V. Hydrogen yield 

reached 5.4 mol H2 /mol glycerol consumed (77% of the theoretical value) and 

each set of experiment was run for at least 2 days while the highest COD reduction 

was about 72.9% for 209 mg/l of glycerol at 0.7g/L anode/day. To achieve the 

72.9% COD reduction, 1.0 V of energy was applied to the reactor, where reducing 

energy to 0.5 V dramatically decreased the COD removal to 27.9% (Escapa et al., 

2009). 

2.9.3 Cellulose 

Hydrogen gas production from cellulose was tested employing dark fermentation 

process couples MFCs and MEC. Hydrogen production rate from the MEC of 

0.48 m3 H2/m3/d (based on MEC volume), and a yield of 33.2 mmol H2/g COD 

removed in the MEC. The total efficiency of hydrogen production within 

integrated techniques produce was 41% comparing to 23% recovery using single 

fermentation. This technique does not require any source of electrical energy 

other that produced by the MFCs. Total retention time for hydrogen production 

was 72 h and dark fermentation was carried out at 60°C while the MFCs and MEC 

were operated at room temperature (25°C) (Wang et al., 2011). 

2.9.4 Actual wastewater 

Hydrogen production was tested employing MEC equipped with plain carbon 

electrode or graphite granule packed bed with inoculation of domestic 

wastewater. Various ranges of COD and applied voltage were tested and the 
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average DOC (Dissolved organic carbon) removal was 91.6±1.9%, with final DOC 

concentrations of 6.4±0.1 mg/L. In general, investing higher voltage into the 

reactor would shorten the required hydraulic retention time. At the applied 

voltage of 0.23  and 0.5 V, retention time decrease from 108±11 h to 30±5 h at the 

reactor employing graphite granules(Ditzig et al., 2007). 

Winery and domestic wastewater have been tested with both MFC and MEC to 

compare the level of recovered energy based on produced hydrogen for the 

invested electrical energy in the MEC and to the electrical power value produced 

at MFC(Cusick et al., 2010).  

Winery wastewater inoculated into MFC and produced maximal voltage of 

441 ± 17 mV (1 kΩ) and electrical energy at 31.7 ± 2.1 Wh/m3. Domestic 

wastewater fed to MFCs and 381 ± 10 mV and 22.5 ± 1.9 Wh/m3 energy were 

produced.Both experiments were in batch mode while the cycle time of winery 

wastewater was six days due to the high-COD (2,200 mg/L), compared to only one 

day for domestic wastewater (345 mg-COD/L).  

The reactor switched to MEC operation after stable operation in MFC mode. 

Winery fed reactor with an applied voltage of −0.9 V produced ∼0.9 mA of 

electrical current and hydrogen at a maximum flow rate of 0.17 ± 0.01 m3-H2/m3-

d, with a CE (columbic efficiency) of 50 ± 8% and TCOD removal of 47 ± 3%. 

70 ± 8% of produced gas was hydrogen, 26 ± 7% carbon dioxide, and 4.3 ± 3% 

methane and the average energy consumption was recorded 1.4 ± 0.01 kWh/kg-

COD. 

MEC reactor inoculated with domestic wastewater produced more than 1 mA of 

electrical current at an applied voltage of −0.9 V. The CE was 64 ± 9% with a TCOD 

removal of 58 ± 3%. The total biogas production rate was QH2 = 0.28 ± 0.04 m3-

H2/m3-d in one day and was more than the winery wastewater fed MECs. The 

composition of produced gas was 70 ± 1% hydrogen, 28 ± 2% carbon dioxide, and 
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2.5 ± 0.6% methane and the average energy consumption rate was 2.0 kWh/kg-

COD. 

Swine wastewater was examined in a study by Wagner et al. (2009)to investigate 

the feasibility of using MECs coupled with fermentation to produce hydrogen gas. 

The wastewater had a chemical oxygen demand (COD) of approximately 12,000–

17,000 mg/L. Experiment was carried out in two cycle time of Short 16 h and long 

42 h, and stopped as soon as gas production reach to the peak point. Employing 

non diluted wastewater lead to 17 ± 7% of the COD removed and 14 ± 5 mL 

recovered in hydrogen gas, while higher removal of COD;22 ± 4% achieved with 

9 ± 3 mL of gas recovered using the diluted wastewater in cycle time of 16 h. 

2.10 Source of odour in wastewater 
Odours prevalent at wastewater facilities generally result from inorganic gases and 

vapours. The most common inorganic vapours are ammonia and hydrogen 

sulphide. Odours compounds such as organic sulphides, mercaptans and amines 

are common by-products of the degradation of organic matter. Industrial waste 

discharge to the municipal wastewater system can also generate significant 

odours vapours, which, if emitted at high enough concentrations, may pose 

serious health and safety risks to plant personnel (Vesillind, 2003). 

Sulphide does not exist in domestic wastewater however the sulphide 

concentration could be high in some particular industrial wastewater (Vaiopoulou, 

Melidis, & Aivasidis, 2005). In the absence of nitrate and oxygen, sulphate accepts 

released electrons from degrading organics and converts to sulphide in presence 

of sulphate reducing bacteria. 

On the other hand, while organic carbon degrading aids subsequent waste water 

treatment processes, it can causes odour and bio-corrosion issues. There are 

several parameters may increase the sulphide concentration in sewage lines such 

as; sulphate concentration, high COD, long retention time in sewage system, pH 

and temperature elevation. Recent methods to control odour and corrosion in 



Chapter-2: Literature Review 

 

31  

 

sewer lines include adding chemicals to prevent sulphide to form or to prevent its 

conversion from liquid to gas phase (Apgar et al., 2007).  

To solve the biogenic corrosion problem, various techniques have been 

investigated, i.e. (1) optimizing the sewer hydraulic design to minimize retention 

time , (2) sulphate source control technologies, (3) elevating the resistance of 

sewer lines to corrosion and (4) decreasing hydrogen sulphide emission from 

sewage (Zhang et al., 2008). The last method has been considered and mainly used 

for sulphide emission control. 

The commonly used chemical and biological techniques are illustrated in Figure 

2-3.In general different mechanism have been used including nitrate addition, 

aeration and oxidation (air injection), sulphur precipitation (iron injection), 

chemical oxidation (chlorine gas, sodium hypochlorite, sodium chlorite, etc.), and 

pH adjustment. 
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Figure 2-3: Biological and chemical technologies for H2S emission control in sewer systems(Garcia De Lomas J. et al., 2005). SRB: 

sulphate-reducing bacteria 
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2.10.1 Nitrite/nitrate injection 

Nitrate as a thermodynamically electron acceptor has been used for sulphide 

control in sewage pipes since 70 years (Bentzen et al., 1995).This substrate has 

inhibitory and toxic effect on sulphate reducing bacteria (SRB) and due to the 

natural behaviour it can prevent sulphide production. The recent research 

demonstrated that the actual mechanism leading to sulphide mitigation is the 

oxidation of H2S to SO4
2− via elemental sulphur by nitrate reducing-sulphide 

oxidising bacteria (NR-SOB) (G. Jiang, Sharma, Guisasola, Keller, & Yuan, 2009; 

Mohanakrishnan et al., 2009). Nitrite injection would not only inhibit sulphide 

production but has a significant effect of suppress the methane production as 

well. 

The controlling process depends on the concentration of nitrite as well as the total 

exposure time. The most effective inhibition carried out at higher nitrite 

concentration or longer exposure time. At one experiment, 33 h intermittent 

dosage of nitrite at a concentration of 100 mg-N/L in three days totally inhibited 

sulphide production. Up to three weeks later, sulphide production was 

dramatically reduced without any nitrite addition (G. Jiang, Gutierrez, Sharma, & 

Yuan, 2010). 

The quick reduction in SRB activities is because of the biocidal effect of free 

nitrous acid biofilm microorganism. The viable microbial cells in biofilms fell from 

approximately 80% to 5–15% after the biofilm was exposed to free nitrous acid 

(HNO2) at concentration of 0.2–0.3 mg-N/L for 6–24 h. The significant effect of 

biocidal free nitrite acid on sewer biofilms suggested that the continuous dosing of 

the chemical could rapidly decrease the SRB and achieve sulphate controlling(G. 

Jiang, Gutierrez, & Yuan, 2011). 

In one other experiment, free nitric acid at low concentration of 0.26 mg-N/L with 

contact time of 12 h was able to control sulphide production. While the less 

concentration of 0.09 mg-N/L with 6-h exposure was enough to suppress 

methanogenesis effectively. The analysis of a model-based study proposedthat 12-
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h injection of free nitrous acid at concentration of 0.26 mg-N/L in every 5 days can 

reduce the average sulphide production by more than 80%. The intermittent free 

nitrite acid dosage is a cost effective method for methane and sulphide control in 

sewers (Guangming Jiang, Gutierrez, Sharma, Keller, & Yuan, 2011). 

2.10.2 Air injection 

Air injection into the pipelines was considered as one of the useful and effective 

method to prevent hydrogen sulphide generation by keeping the sewage in 

aerobic conditions. To prevent the sulphide generation effectively, oxygen balance 

in air-injected pipe line should be clarified. Three main areas covered by aeration 

which are, surface length, sewage bulk and biofilm layer (Figure 2-4). Minimum 

concentration of dissolved oxygen (DO) was investigated and indicated at the 0.2 

mg/l or higher at the pipe end (Ochi, Kitagawa, & Tanaka, 1998). 

 

Figure 2-4: simplified oxygen balance in aerated pipe line 

Oxygen injection as a means of controlling sulphide production in a sewer system 

was evaluated in other study byGutierrez et al.(2008). The results indicated the 
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importance of oxygen to present in the bulk which is linked to hydraulic retention 

time of wastewater. It is interesting that oxygen does not affect SRB community as 

it rapidly consumes by the upper layers of the biofilm, while sulphide production is 

continuing in the deeper layer. Furthermore, oxygen encourages SRB activity in 

downstream biofilm and elevates the total sulphide production of sewers. An 

increasing rate of biofilm with repeated injection of oxygen was mentioned. A 

substantial increase is also observed in the wastewater carbon consumption due 

to oxygen injection.  

2.10.3 Iron salt injection 

Iron salts such as ferric and ferrous ionsare commonly used for sulphide 

precipitation in sewers, thus achieving corrosion and odour control. Ferrous and 

ferric iron will react with each sulphide species as shown below: 

Equation 2-8)  Fe2+ + S2-FeS 

Equation 2-9)  Fe2+ + HS-FeS + H+ 

Equation 2-10) Fe2+ + H2S FeS + 2H+ 

Equation 2-11)2Fe3+ + S2-2Fe2++ S 

Equation 2-12)2Fe3+ + 3HS- Fe2S3 + 3H+ 

Ferric and ferrous irons in combination are usually employed for odour control 

and sulphide precipitation, as the combination has a synergistic effect to reduce 

the overall dosage. The reactions are based on the following equations: 

Equation 2-13)Fe2+ + 2Fe3+ + 4HS- Fe3S4 (s) +4H+ 

Equation 2-14)Fe2+ + HS-FeS+H+ 

Chemical dosing into the sewer networks may change wastewater composition, 

and therefore it is expected to show various impacts on WWTP behaviour(Hvitved-

Jacobsen, 2002).Injection of ferrous or ferric salt into sewers, produced FeS which 

finally enters into the WWTP, with general conditions changed from reductive to 
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oxidative. The FeS particles at the aerobic tank could be oxidised and consequently 

precipitate phosphate. If this effect occurring in large scale, it will significantly 

change the phosphorous removal at the wastewater treatment plant (Gutierrez, 

Park, Sharma, & Yuan, 2010).  

Injecting ferric salts into the sulphide containing wastewater produces elemental 

sulphur instead of sulphate thus reduce the volume of ferric salts demand for 

removing desired sulphide. It is also suggested that the high ratio of Fe and S(-II) 

appears as suggestions in the literature may not be appropriate from a chemical 

perspective noted byFirer, Friedler, & Lahav(2008). 

2.10.4 Chemical oxidation 

Strong oxidising chemicals are often use to attack odour and corrosion causing 

components and destroy them through oxidation reduction reaction. Chlorine 

based chemicals, hydrogen peroxide and potassium permanganate are from this 

category. 

Chlorine 

Chlorine could be used directly as a gas or as an aqueous solution (NaClO or 

Ca(ClO)2). It will oxidise sulphide to sulphate or to elemental sulphur, depending 

on the pH, however, the efficiency of this chemical is low due to reaction with 

other components in sewage. At low concentration of sulphide, less than 1 mg l− , 

the chemical oxidation reaction rate is found slower (EPA, 1992; Tomar & 

Abdullah, 1994). 

Hydrogen peroxide 

The strong hydrogen peroxide will oxidises dissolved sulphide and decomposes to 

water and oxygen, and that will make a complete anaerobic environment. The 

correct ratio of H2O2 is 1.3–4.0 mg H2O2 L−1 to 1 mg S L−1 and average elimination 

of sulphide is 85–100%. The downfall is due to relatively short lifetime of H2O2(less 

than 90 min)(EPA, 1991) and thus required injection at several points along the 

sewers. 
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Potassium permanganate 

Potassium permanganate (KMnO4) as a strong oxidizing agent can converts 

sulphide to sulphate. This expensive chemical (€18.9–22.0 kg−1 S) is generally 

supplied in a dry form andinjected as a 6% solution in water(EPA, 1991).  

2.10.5 pH adjustment 

The pH of the waste stream is changed to inhibit growth of H2S producing bacteria 

or to drive volatile H2S to soluble ionic HS-. Forexample, at a pH of 7, roughly 50% 

of sulphides are present as H2S, whereas at a pH of 8.5, only3% are present as H2S. 

If wastewater pH drops, the sulphide species ratios shift rapidly towardH2S, which 

is volatile. Therefore, increasing wastewater pH can reduce odour problems as 

long as the higher pH is maintained. It was investigated at pH 9 or above, almost 

no dissolved sulphide is available in the volatile form(Apgar et al., 2007). 

Sodium hydroxide (NaOH) and Magnesium hydroxide (Mg(OH)2) are the two 

chemicals most commonly used to raise pH. Magnesium hydroxide can raise pH up 

to a maximum of 9 and sodium hydroxide up to a pH of 14. Magnesium hydroxide 

is not soluble and acts as a buffer; therefore even overdosing does not raise the 

pH to more than 9. On the other hand caustic soda is readily soluble and can have 

a quick effect on pH, driving it up much higher(Apgar et al., 2007).Although 

increasing pH would control sulphide production it could be harmful for biological 

treatment system in downstream.  

2.11 Summary 
In this research the idea of using MEC for wastewater treatment has been tested 

to reduce energy consumption for treatment purposes. Also air cathode system 

has been investigated to suppress the sulphide formation inside the sewage line. 

The latest research was a study besides using MEC for wastewater treatment. 
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3 Materials and Methods 

3.1 A general MEC Reactor 
A set of MEC reactor was used in this study. An example of this reactor is shown in  

. 

 

Figure 3-1: A two compartment MEC reactor 

The reactor is consisted of two anode and cathode chamber with similar volume. 

Each compartment is equipped with graphite rod electrode (Carbon Lorraine 

Australia Pty Ltd). The electrodes in anode and cathode were connected to 

positive and negative charge of an electrical supply (Lab Power Supply 0-30V DC 

5.0A, Dick Smith China) respectively. Two chambers were separated with a cation 

exchange membrane (Membrane International Inc. NJ, USA) and were glued in 

edges to avoid any leakage.  

Theoretically, electrochemically active microorganisms should be presented in 

anodic part to treat wastewater and produce protons (H+). These protons will 

travel over the membrane, accept the electron and convert to hydrogen gas. In 

the other word, hydrogen production would be possible in the cathode while the 

wastewater is treated in anode. 

Anode    Cathode 

- + 
CE

 

160 ml –Anodic 

solution  

150 ml –

Microorganisms 

300 ml 
Potassium buffer  
solution 
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3.2 Medium preparation 
Real wastewater includes all of complicated organic components and as the MEC 

is in the early stage of study for treating wastewater, it is more effective to work 

with synthetic wastewater. Employing wastewater has the advantage of 

controlling parameters and determines the exact behaviour of reactor for each 

individual factor such as effectiveness of degrading, temperature, etc. 

Despite the different setting of each experiment anodic and cathodic solution was 

prepared based on the given compositions; 

Basic composition of anodic solution (pH7) in milli-Q water:0.74 g/LKCl, 0.68 g/L 

KH2PO4, 0.87 g/L K2HPO4, 0.28 g/L NH4Cl, 0.1 g/L MgSO4.7H2O, 0.1 CaCl2.2H2O and 

1ml/l of trace metal elements base (Zehnder & Brock, 1979).To maintain various 

concentration of synthetic wastewater, different amount of sodium acetate 

(NaCH3COO.3H2O) was measured and added to the anodic basic composition. 

Based on the type of experiments (which will be explained in each individual test), 

cathodic solution or buffer solution was selected and injected to the cathodic 

compartment. Composition of cathodic solution in milli-Q water: 0.034 

g/LNaCH3COO, 0.012 g/LNH4Cl, 0.005 g/LKH2PO4, 0.1 g/L NaHCO3, 0.1 

g/LMgSO4.7H2O, 0.1 g/LCaCl2.2H2O, 0.134 g/L NaNO3 and 1ml/l of Trace metal 

elements base (Zehnder & Brock, 1979)and phosphate buffer solution was made 

of 1.2 g/L KH2PO4, 0.40 g/L K2HPO4 in milli-Q water. 

3.3 Method of sampling 
The most important character of a sample is to be the true representative of 

whole solution. In case of using batch reactor and in order to achieve the correct 

sampling, the solution inside the reactor was mixed well by taking the solution 

from top of reactor and injected back to the reactor directly. A decent time of 5-10 

min would be enough to let the microorganisms phase to settle and the sampling 

can be done from the top solution phase.  
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Amount of 10-12 ml of solution would be taken out depends on the type of 

experiment. Although the microorganisms supposed to be at the bottom, there 

might be still some biomass in the taken sample. So the samples need to be 

filtered before preserving in the fridge. A 0.45 micron filter paper (Acetone plus, 

Supported plain, General Electric water and process technology, Aus) was used for 

filtering purpose. 

To avoid any changes in sample characters, all samples was refrigerated (4°C) for 

maximum of 10 days before measurement. 

3.4 Measurement methods 

3.4.1 pH measurement & Multimeter 

A simple HQ 40d-HACH was used to measure pH. The pH meter was calibrated 

regularly based on the recommendation in manual, using standard pH solution of 

4, 7 and 12.  

A digital multimeter RE90-95 series was used to measure current and voltage. For 

measuring the voltage, black and red lead connected to positive and negative 

electrodes respectively and voltage reading was based on the range of voltage 

(mili, micro, etc.). 

For measuring current, the reactor should be connected to the multimeters in 

series and the reading would be based on current range (mili, micro, etc.).  

3.4.2 COD measurement 

For Dissolved Organic Carbon (DOC) measurement, samples were tested by Total 

Organic Carbon (TOC) analyser (TOC Sievers 5310 C, GE, Aus). The filtered samples 

were diluted before the measurement and result were multiplied by dilution 

factor. 

Based on stoichiometry, for oxidation reaction, each mole of carbon needs two 

moles of oxygen to oxidise. So COD was calculated simply by multiplying DOC 

concentration by 32/12. 
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The error for measuring the DOC using the above instrument would be 5% of the 

final reading based on the accuracy of instrument. 

3.4.3 Ammonia, Nitrite, Nitrate and Sulphatemeasurement 

For Ammonia, (Nitrate + Nitrite) (NOx), Nitrite and sulphate measurement, 

Aquakem(AQUAKEM 200, BÜHLMANN Laboratories AG, Switzerland) was used. 

The result was multiplied by dilution factor in each experiment. 

Methods for the Examination of Waters and Associated MaterialsAmmonia was 

followed as described in ((USEPA), 1981). The detail of measurement principles was 

given in Appendix A- i, ii & iii. 

The final error (after including dilution factor)for the above instrument based on 

the manual will be ±0.1 ppm. 

3.4.4 Volatile Suspended Solid measurement 

For Volatise Suspended Solid (VSS) measurement, the standard method for water 

and wastewater measurement was followed (Andrew D. Eaton, Mary Ann H. 

Franson, American Water Works Association, & Federation, 2005).  

5-10 ml of MO’s Sample was filtered and the residue dried for 1 hour at 105 °C. 

Appropriate time was given to let the sample cool down to room temperature at 

the desiccators and stabilised the weight. Ash less filter paper (PAPER FILTER 

9.0cm SIMILAR TO Gr41 (MN640W)- Raw Scientific) was used to filter the sample. 

Total Suspended Solid (TSS) could be calculated using theEquation 3-1; 

Equation 3-1)  mg Total suspended solids /L = (A−B)×1000
Sample volume,ml

 

Where; 

A = weight of filter + dried residue at 105 °C, mg, and 

B = weight of filter, mg 

 

The residue from TSS analysis is ignited to constant weight at 550° C. The 

remaining solids represent the suspended solids while the weight lost on ignition 
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is the volatile solids. The dish should be in furnace at 550° C for 15 - 20 minutes. 

Then dish and the new residue would be cool down at desiccator to stabilize the 

weight and volatile suspended solid (VSS) could be calculated using theEquation 

3-2; 

Equation 3-2)  𝑚𝑔𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑𝑠𝑜𝑙𝑖𝑑𝑠 /𝐿 = (C−D)×1000
Sample volume,ml

  

Where; 

C= weight of residue + dish before ignition, mg  

D = weight of residue + dish after ignition, mg 

 

The GR-200A&D® - GR-200 - Analytical Balance has been used to measure the 

weight and the reading error based the instrument’s manual would be 0.1 mg. The 

error can be calculated for final result depends on the volume of intake sample. 

For example, the original sample was 5 ml, then the error should be multiple by 

200 to normalise results for 1L, which increase the final error to ±20 mg. In case of 

taking 10 ml of sample as the original volume, the error could be calculated at ±10 

mg. 

3.4.5 Dilution 

To measure different parameters such as DOC/COD, Nitrate, Nitrite etc. the above 

instruments have been used. Also according to the volume of reactor, the sample 

taken from the reactor was not enough to be measured with each individual 

instrument. Based on accuracy of each instrument in specific range and 

considering the limited volume of sample,  it was decided to dilute the samples 

before measurement. Dilution took place by employing electronic pipette, 

volumetric flask and DI water. Glassware was washed with DI water prior to 

dilution. 

Required volume of sample measured with electronic pipette and added to the 

volumetric flask and filled with DI water. Tis process carried out twice to clean the 
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volumetric flask with diluted sample. The measurement cells also have been 

washed with diluted sample to achieve most accurate result.  
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4 Observation of COD reduction on two compartment 

MEC reactor 

4.1 Objective of experiment 
In first part of experiment a simple two compartment MEC reactor was tested to 

see how synthetic wastewater (SWW) is degrading in anodic chamber, what would 

be the pH difference and how the characteristic of cathodic solution would change 

during the experiment.  

An electron accepting reaction happens in cathodic compartment of MEC and 

based on this concept possibility of using reactor for nitrate removal in cathode 

was investigated. In this experiment the effect of removal rate with no electrical 

supply has been indicated. 

4.2 Theory of experiment 
Based on Equation 1-2, an electron donor reaction happens in anodic 

compartment of reactor. The released electrons will be accepted by any electron 

acceptor in the media or should be sent out of the reactor. In MEC, electrodes are 

responsible to collect the released electron (from degrading reaction) and send it 

out to the cathodic chamber. If electrons trapped inside the reactor, the degrading 

reaction will decrease or stop. 

4.3 Material and Method 

4.3.1 Experiment set up 

A two compartment reactor was investigated to observe the basic fundamentals 

of a MEC. Schematic of this experiment is shown in Fig 4-1. 

 

 

Figure 4-1: MEC reactor for COD reduction investigation 
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MEC reactor is included anodic and cathodic compartment which is divided by 

cation exchange membrane (CEM) (Membrane International Inc. NJ, USA). The 

volume of each compartment was 480mL. Every joint was sealed with silicon glue 

to avoid any leakage during experiment. The cell voltage of 0.5 V was invested by 

an electrical supplier (Lab Power Supply 0-30V DC 5.0A, Dick-smith China). In each 

compartment, 9 mm diameter graphite rod (Carbon Lorraine Australia Pty Ltd) was 

used to transfer electrons. 

4.3.2 Medium preparation and bacterial culture 

Synthetic wastewater (SWW) was used in this experiment and 1.025 g/l of sodium 

acetate was added to basic composition of anodic solution (to achieve 800 ppm of 

COD) as described in section 3.2. Cathodic compartment was also filled with 

potassium buffer solution as described in 3.2.  

Mixed combination of microorganisms was brought from Beenyup activated 

sludge plant (Perth, Australia) and was treated with anodic solution for one month 

prior to inject into the anode chamber (150 ml).  

4.4 Experiment start up 
Microorganisms were treated with anodic solution before introducing to the 

reactor. After injecting biomass, there would need some more time to acclimatise 

with new environment. In MEC reactor, the electricity would invest to the reactor 

and the electrochemically active microorganisms will grow. The anaerobic 

microorganisms will grow slowly and the acclimatising would be depending on 

time. Basically about one month would give to the biomass to settle in MEC 

reactor prior to any sampling as the source of biomass was from activated sludge 

plant (Aerobic system). 

4.5 Results and discussion 
The rate of COD reduction was investigated in anode chamber and the result is 

shown in Figure 4-2. Also the detailed data of this experiment is given in Appendix 

B. 
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The average rate of removal was observed about 8.67 ppm COD/hr (The COD 

removal (ppm) divided by experiment duration) and the result was in a long cycle 

time of 2 days. The cycle time of 2 days would be very long as it increases the 

retention time and consequently, the capital cost. The rate of COD removal for 

first 10 hours for instance was even higher comparing to the longer cycle. 

The observed data for ammonia concentration in anode and cathode is also 

demonstrated in Figure 4-3. The cation exchange membrane has been used in the 

reactor to let the proton pass through the membrane. As it is shown in the 

following figure, ammonia as a positive ion also is travelling over the membrane. 

The concentration of ammonia in cathode starts to increase and then stabilises, 

probably as the result of ion balance in both chamber.  

 

Figure 4-2- COD reduction in asimple two compartments MEC reactor 

pH also was measured during the experiment. The influent pH was set at around 7 

as it is the best for growth of microorganisms. During the experiment in different 

intervals pH drop were observed especially in case of using deionised water in 

cathode shows a high pH drop in the anodic chamber to even bellow 5.5 and 

would make the growth and acting of microorganisms problematic. The 

observation of pH drop was in the line with other papers about MEC (Rozendal et 
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al.,2008). Also pH drop over the membrane has been emphasised as a negative 

point due to its effect on MEC performance based on the Nernst equation while 

use of potassium buffer solution may likely to eliminate the issue. 

 

Figure 4-3: Ammonia ion concentration in anode and cathode 

The result of Ammonia concentration shows high decrease in anode and less 

increase in cathode (Figure 4-3). This indicates that part of ammonia is missing and 

could be   converted to other form of nitrogen like nitrite, nitrate or nitrogen gas. 

As it was described in the theory (4.2), the experiment was continued while no 

electricity was supplied into the reactor. Surprisingly, results showed a slightly 

lower COD reduction in anode (result is not included) while the upper part of 

graphite electrodes was exposed to the air. In fact electrons could also travel along 

the graphite electrodes and then could be accepted by air. To avoid interfere of air 

cathode, the upper part of electrodes also were covered and the COD reduction 

was suddenly stopped.  

4.6 Conclusion 
The first result on COD reduction in MEC reactor is indicating the possibilities of 

this new technique as a new method for wastewater treatment. The rate of COD 

removal still much lower than conventional method like activated sludge plant. In 
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most of previous work effective parameters on performance of MEC reactor has 

been investigated but most of them were focused to achieve the higher hydrogen 

production rather than COD reduction in anode. In this study we believe higher 

COD reduction would directly increase the hydrogen production in cathode too. 

The experience of running this test brought us some ideas for our further 

investigations which are listed below; 

 Employing electron accepting reaction in cathodic part of MEC and achieve 

nitrate removal (Chapter 5) 

 How a different concentration of microorganisms can effect on 

performance of MEC in order to have a higher COD reduction in short 

cycle (Chapter 6) 

 Using the concept of air cathode to accelerate wanted reaction in 

wastewater or sewage system and controlling unfavourable reaction such 

as sulphide formation. (Chapter 7) 
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5 Nitrate removal in a simple MEC 
De-nitrification is part of wastewater treatment system which consumes a lot of 

energy. A MEC reactor proposes nitrate removal from wastewater, employing 

simultaneous reaction to eliminate energy consumption. 

5.1 Objective of experiment 
An electron accepting reaction is taking place in cathodic part of MEC. In this 

study, the concept of using reactor for simultaneous nitrate removal with DOC in 

cathode was investigated.  

5.2 Theory of experiment 
An electron accepting reaction is happening in cathodic part of reactor (Equation 

5-1). In MEC, protons will accept electrons and convert to hydrogen gas. Any other 

electron acceptors also can replace instead of protons. For example nitrate needs 

electrons and oxygen to convert into nitrogen gas (Equation 5-1). 

Equation 5-1)  N+5(aq) + ½ O2+ 5e-  N20 (g) 

The electrode in cathodic part was connected to the electrical supply and can 

maintain enough electros for Equation 5-1, on the other hand, dissolved oxygen in 

the water could be source of oxygen. Also using microorganisms could accelerate 

favourable chemical reaction and in this case employing of denitrifying bacteria 

could possibly push the nitrate removal. In this experiment we tried to observe 

nitrate removal in cathode in two cases such as absence and presence of de-

nitrifying bacteriain the cathodic chamber.   

5.3 Material and methods 

5.3.1 Experiment set up 

A two compartment reactor similar to reactor in Fig 4-1 was employed. At first 

stage only cathodic solution was injected to the compartment and reactor was 

running for another week to cover the acclimating process. At the second stage, 

150 ml of denitrifying bacteria was introduced to the cathodic chamber. The 
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reactor was allowed to work without any sampling for one week to let denitrifying 

bacteria to acclimate in the reactor. 

5.3.2 Medium preparation and bacterial culture 

Anodic solution for this experiment was the same as explained in4.3.2. For the 

cathodic chamber, cathodic solution was (The detail can be seen in3.2) injected 

into the reactor. The 0.134 g/L of NaNO3 was used to maintain the 22 ppm of N-

NO3. 

Anodic biomass was brought from Beenyup activated sludge plant (Perth, 

Australia) and was treated with anodic solution for one month prior to inject into 

the anode chamber. Same biomass was treated with cathodic solution for one 

month and was introduced into the cathodic chamber at the second stage of 

experiment. 

5.4 Experiment start up 
After injecting the anodic microorganisms (MO) into the reactor, they would need 

some time to acclimatise with new environment for electrochemically active MO 

to be a dominant in the bacterial culture. To achieve this purpose, the reactor was 

running for two weeks without any sampling and fresh SWW was introduced to 

the reactor daily. At the first stage of experiment no denitrifying bacteria was 

added to the cathodic part and sampling was carried out after 2 weeks. 

For the second stage of experiment, anodic MO was already electrochemically 

active when denitrifying bacteria was injected to the cathodic part to see how de-

MO could accelerate de-nitrification. Denitrifying bacteria also would need time to 

acclimatise with new environment and one week was given to the reactor before 

starting any sampling. Appearance of sludge blanket in the cathodic part was 

illustrated that denitrifying bacteria are stable in the reactor and sampling could 

be started.  
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So the reactor was operated in absence ofcathodic microorganisms (AMO) and 

then in the presence of cathodic microorganisms (PMO) and the sampling 

procedure was done based on the procedure described in section3.3. 

5.5 Results and discussion 
Result of nitrate reduction in two cases is illustrated in Figure5-1 which shows, in 

the absence of cathodic biomass, electrochemical nitrate reduction did not 

happen(Also the detailed data was given as the Appendix C). This was a general 

phenomenon observed, except for an initial drop seen in AMO-3. The initial drop 

in AMO-2 was an exception as in no follow up experiments, such drop was 

observed. Based onEquation 5-1, we expected to see some nitrate reduction, but 

it did not occur, most probably because of high potential losses in the reactor or 

the need for microbial catalysis for the reaction to take place.If the behaviour was 

based on expectation, microorganisms were not necessary for electrochemical 

nitrate removal. However, results showed a different behaviour in terms of nitrate 

removal. 

 

Figure5-1: Nitrate reduction in absence and presence of cathodic microorganism 

Unlike the AMO, by using microorganisms in cathode chamber high rate of nitrate 

removal was achieved. In the case of PMO, small amount of organic carbon was 
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supplied in cathode compartment to maintain carbon for utilising of 

microorganisms cells.  

The released electron of organic carbon degrading in cathode chamber is not 

sufficient to remove high rate of nitrate removal. This means the electrical supply 

needs to be there to maintain enough electrons to remove high amount of nitrate, 

beside microorganisms played an important role to accelerate the nitrate 

reduction process. 

Ammonia was another chemical which supplied in SWW and as a positive ion 

could travel over the cation exchange membrane. The ammonia concentration 

was tracked in anode and cathode compartment versus time and the result was 

illustrated inFigure 5-2 and Figure 5-3. 

 

Figure 5-2: Ammonia-N concentration in Anode chamber 

As graph 5-2 shows, in both cases of absence and presence of microorganism, 

ammonia ion concentration decreasing with a slow slope and almost they follow 

the same trends.  
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Figure 5-3: Ammonia-N concentration in Cathode chamber 

The profile of ammonia ion concentration was demonstrated in Figure 5-2. There 

is a slightly difference in absence and presence of microorganism. The trend of 

ammonia ion concentration in case of AMO shows not much change and almost a 

slow decreasing while the profile graphed a small increasing in ammonia ion 

concentration in PMO. 

The basic reason of transferring ammonia ion over the membrane is to keep the 

charge balance stable over the membrane. In presence of microorganism more 

nitrate reduction was occurred in cathode. Most possibly the reduced nitrate 

converted to gaseous or solid form of nitrogen and apparently make the more 

room for positive and negative ions. The mass balance for nitrogen component 

over the reactor was shown inTable 5-1. 
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Table 5-1: Mass balance for nitrogen over the reactor 

In absence of cathodic biomass  (AMO-1)* 

Time  NH3-N Anode NH3-N cathode NOx-N  cathode Total Nitrogen 

Start of cycle  54.9±0.1 2.8±0.1 22.4±0.15 80.1±0.35 

End of cycle 48.9±0.1 2.5±0.1 21.3±0.15 72.7±0.35 

Change 6.06±0.2 0.30±0.2 1.03±0.30 7.4±0.70 

In presence of cathodic biomass  (PMO-3)** 

time  NH3-N Anode NH3-N cathode NOx-N  cathode Total Nitrogen 

Start of cycle  53.0±0.1 8.2±0.1 18.8±0.15 80.0±0.35 

End of cycle 48.3±0.1 9.5±0.1 1.0±0.15 58.8±0.35 

Change 4.7±0.2 -1.3±0.2 17.8±0.30 21.2±0.70 

* Cycle time of 8.5 h 
** Cycle time of 8.25 h 
 

Based on results in Table 5-1, the total removed nitrogen in AMO-1 was 7.4±0.70 

where it was almost three times greater in case of PMO-3 (21.2±0.70). The rate of 

nitrate reduction in AMO-1 was 0.12±0.03 ppm/h while using cathodic 

microorganism it was found to reach to 2.15±0.04 ppm/h. (It is calculated based 

on value at start and end of experiment divided by experiment time(h)) 

Also we have considered the rate of COD reduction which was similar to both case 

of AMO and PMO. For instance the rate of COD reduction at AMO-3 was 

31.47±1.42 ppm/h where 31.72±1.58 ppm/h was observed at PMO-3. The profile 

of COD reduction was illustrated onFigure 5-4. 
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Figure 5-4: COD reduction in anodic part of MEC with absence and presence of 

MO in cathode chamber 

Regarding toFigure 5-4, COD reduction is comparable in both cases. This indicates 

the COD reduction did not require nitrate to be taken care of as long as there is a 

mechanism through which electrons are harvested. 

5.6 Conclusion 
MEC has been employed to treat synthetic wastewater. By using sodium acetate 

as the representative organic carbon compound, significant electrochemical 

nitrate removal is achieved in the presence of cathodic biomass in cathode. The 

COD removal in anode was found to be independent of whether the 

electrochemical nitrate removal happens or not. For both experiments, part of 

ammonia in anode was missing which was possibly converted to any gaseous form 

of nitrogen or consumed for synthesis of cells. In similar experiment, cathodic 

biomass didn’t used. 
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6 Expediting COD removal in microbial electrolysis cells 

by increasing biomass concentration 

6.1 Objective of experiment 
The bottleneck of MECs treatment is slow degradation which is caused by high 

resistance of solution and huge potential losses inside the reactor. 

Electrochemically active microorganisms (MO) play an important role in Microbial 

Electrolysis Cells (MECs). In this research, we mainly focus on the effect of 

different concentrations of anodic microorganisms on the rate of organic carbon 

removal. 

6.2 Theory of experiment 
Microorganisms inside the reactor are accelerating the electron donor reaction of 

organic degrading. As the electrons do not accumulate inside the chamber the 

COD removal should happen quickly but the observation showed a slow reaction 

due to high resistance inside the reactor. The electrochemically active 

microorganisms are responsible for electron transferring and theoretically, higher 

concentration of microorganisms could effectively accelerate the rate of COD 

removal. 

6.3 Material and method 

6.3.1 Experimental set up 

Set of three similar reactors with sodium acetate substrate in anode were 

employed (Figure6-1). Buffer solution in cathodic part of each reactorwas used to 

avoid high gradient of pH over the membrane. Each reactor was assembled by 

bolting Acrylic sheets together and has two compartments separated by a layer of 

cation exchange membrane (CEM) (Membrane International Inc. NJ, USA). The 

volume of each compartment is 320 ml, 10×8×4 cm (H×L×W). Every joint was 

sealed with silicon glue to avoid any leakage during experiment. The cell voltage of 

0.5 V was maintained for all reactors by an electrical supply (Lab Power Supply 0-

30V DC 5.0A, Dick-smith China). 
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In each cathodic compartment, 9 mm diameter graphite rod(Carbon Lorraine 

Australia Pty Ltd)was used to transfer electrons. The cathode was filled with 150 

mL of buffer solution to maintain neutral pH of 7.0. 

Figure6-1 Reactors set up 

In each anodic compartment, about 75 ml of Graphite granules coupled with the 

same Graphite rod as that was placed in cathode. Reactors 1, 2 and 3 were 

inoculated with 155, 110 and 90 mL of MO to achieve 6130, 4550 and 3360 
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mgVSS/l of biomass concentration, respectively (Different volume of biomass 

added to the reactor and biomass concentration measured later to indicate exact 

mgVSS/l in each case). Also, reactors 1, 2 and 3 were injected with 90,130 and 150 

ml of anodic solution respectively. Every day supernatant was withdrawn from the 

top of the reactor, before a fresh solution injection. As the biomass was totally 

settled, chance of mixing supernatant with biomass was limited.  

6.3.2 Medium preparation and bacterial culture 

Anodic solution was prepared using the method described in 3.2with 1.7 g/L of 

NaCH3COO.3H2O was added as the source of organic carbon. And for the cathodic 

solution, potassium buffer solution was used. 

Bacterial culture (anodic MO) was prepared by an anaerobic treatment of fresh 

sludge from the Beenyup domestic wastewater treatment plant (Perth, 

Australia)with anodic solution for over one month. Volatile Suspended Solid (VSS) 

was measured by following standard methods described elsewhere (Andrew D. 

Eaton et al., 2005), and recorded as 9700 mgVSS/l for anaerobic biomass culture. 

6.4 Experiment start up 
Reactors were operated for 10 days continuously to allow MO to acclimatise. The 

performance of reactor was stable to confirm sufficient time of acclimatising. The 

half potential of the anodic compartment was observed against Ag/AgCl reference 

electrode (Ionode Co. QLD, Aus). It was between -0.2 and -0.4 V for all 3 reactors 

which demonstrative the presence of electrochemically active bacterial culture. 

Four sampling runs were adopted: Run-1, 2, 3 and 4 were undertaken after 15, 21, 

23 and 26 days of reactor operation. In each run, before sampling was carried out, 

contents were mixed (by the mixing procedure).In each run, reactor was sampled 

2.5 – 3 hourly during 8 hrs cycle to understand the behaviour of COD and 

ammonia removal. Amount sampled at each run was 4 aliquots of 15 ml. Reactors 

continued operation following the sampling cycle 8 hrs for the rest of the day 
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6.5 Result and discussion 
The reactors were operated for about one month and the results are reported in 

Table 6-1. Initial biomass concentration in reactors R-1, R-2 and R-3 were 6130, 

4550 and 3365 mg VSS/L respectively. Measurements taken at two different 

occasions (start and toward end of experiment) showed negligible change in VSS 

over the operational period, possibly because of slow anaerobic growth and 

washout during sampling or renewal of anodic medium. Initially, the results 

obtained at 15, 21 and 23 days of operation (Run-1) are reported in Table 6-1. (The 

detailed data for this experiment was presented at the Appendix D. Also the result 

of this experiment was published at journal of Bioresource and technology and the 

paper presented in Appendix D) (Aboutalebi et al., 2011). 

As can be seen for Run-1, the highest COD removal of 259±13.0 ppm was achieved 

in R-3, followed by R-2 and R-1. Surprisingly, the removal was in an opposite order 

to what was expected, i.e. R-3, where biomass concentration was the lowest, 

recorded the highest removal. This performance coincided with half potential 

measurements, which were -0.21, -0.23 and -0.30V for reactors R-1, R-2 and R-3, 

respectively. While it is unclear why the behaviour observed happened, it is 

reasonable to claim that MO were still in an acclimatisation phase. Table 

6-1indicates that, for higher population of MO, more time is required for biomass 

to produce electrochemically active culture. 

In Run-3 (Table 6-1), COD concentration decreased in three reactors within the 

cycle time (8 hrs). The average rate of removal can be calculated by dividing the 

total removal in the total cycle by the time taken. The highest rate of removal was 

obtained in R-1 with 40±2.0 ppm/hr. The removal rate in R-2 and R-3 were 

recorded as 25±1.3 and 24±1.2 ppm/hr, respectively. Half potential of anodic part 

measured almost in the middle of the cycle time and recorded as -0.240 V for R-1 

and -0.140 V for R-2 and R-3. The results confirmed that the reactor contained 

electrochemically active MO. A sample profile of COD reduction in three reactors 

is demonstrated in Figure 6-2.  
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Table 6-1– Detail of COD and Ammonia change during experiment 

  
i-COD reduction in 20 hours - ppm 

R-1 R-2 R-3 
Run-1 , 15 days 

after start up   
212± 10.6 251 ± 12.55 259 ± 12.95 

  
ii-COD reduction in 24 hours - ppm 

R-1 R-2 R-3 
Run-2 , 21 days 

after start up   
429 ± 21.45 115 ± 5.75 93 ± 4.65 

  
iii-COD reduction in 8 hours - ppm 

R-1 R-2 R-3 
Run-3 , 23 days 

after start up   
336 ± 16.8 208 ± 10.4 198 ± 9.9 

  
iv-COD reduction in 8 hours -ppm 

R-1 R-2 R-3 
Run-4 , 26 days 

after start up   
329 ± 16.45 290 ± 14.5 202 ± 10.1 

v-Detail of COD and Ammonia in Run-3 - ppm 

Time - 

hr 

R-1 R-2 R-3 

COD 
Ammo

-A * 
Ammo

-C ** COD 
Ammo

-A * 
Ammo

-C ** COD 
Ammo

-A* 
Ammo

-C** 

0 714.67 51.60 0.90 720.00 51.15 2.00 725.33 55.45 2.20 

2 566.67 44.35 1.05 654.67 45.50 3.95 677.33 54.30 3.55 

5.83 476.00 41.80 1.80 601.33 43.30 7.70 604.00 49.85 6.70 

8.4 378.67 39.05 2.50 512.00 41.00 7.80 526.67 46.35 7.10 

vi-Total COD and Ammonia removal in Run-3 - ppm 

 
R-1 R-2 R-3 

COD removed 336.00±16.8 208.00±10.4 198.66±9.9 

Ammonia -removed 10.95± 0.1 4.35± 0.1 4.2± 0.1 

*   Ammonia-N in Anode chamber 

**   Ammonia-N in Cathode chamber 

Note: measurement error for COD is 5% and for ammonia is 0.1 ppm 
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Figure 6-2- Rate of COD reduction in anode during 8-9 hrs time cycle (Run-4) 

As can be seen inTable 6-1, the total ammonia concentration decreased in anodic 

part of three reactors from more than 50ppm to less than 40ppm.Profiles of 

ammonia’s concentration in both chambers of reactor were shown in Figure 6-3 

and Figure 6-3: Ammonia-N Profile in anodic compartment 
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Figure 6-3: Ammonia-N Profile in anodic compartment 

 

Figure 6-4: Total Ammonia-N profile in cathode over 8-9 hrs cycle (Run-4) 

Table 6-1shows the changes in total ammonia concentration in the cathode as a 

result of travelled ammonium from anodic compartment. Each ppm of organic 

carbon removed in anodic part can produce 3.5 moles of protons. This means by 

more COD removal, higher amount of protons would accumulate in the anodic 

compartment. To keep the charge balance over the whole reactor, more positive 

charge would pass through the membrane Protons are not the only cations which 

can pass through membrane. The charge balance can be maintained by other 

positive ions like ammonium as well. This is one of the plausible reasons for 

ammonium ion removal. 

Total ammonia removed from the system was different in three reactors. More 

removal was achieved in R-1 (Table 6-1) which coincided with higher COD removal. 

6.6 Conclusion 
Different concentrations of electrochemically active microorganisms were 

employed in microbial electrolysis cells (MECs) reactors to examine its 

effectiveness on COD removal rates and following conclusions were drawn: 
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 Highest biomass concentration (6130 mgVSS/l) achieved the highest COD 

removal rate (40±2.0 mg/hr). But the rate was still lower than traditional 

wastewater treatment technologies despite the use of granular graphite 

rods and high biomass concentration.  

 High proportion of electrochemically active microorganisms in the reactors 

needed about 3 weeks to fully acclimatise and COD removal stabilised in 

the reactor. 

 When cation exchange membrane was used, positive ions such as 

ammonium ions travelled over the membrane, possibly to keep electrical 

charge balance. This is along with the result of other researchers (Rozendal 

R. et.al, 2008) 
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7 Application of Air-cathode Pipe Reactor  

7.1 Theory of experiment 
Conversion of existing sulphate in swage line to sulphide is the source of odour 

and bio-corrosion problem in wastewater collection system. In the absence of 

oxygen and nitrate, sulphate is converted to sulphide by sulphate reducing 

bacteria (SRB), which accepts released electrons from degrading organic carbon. If 

the electrons can be re-directed to another electron acceptor than sulphate, then 

the process initiating corrosion and odour issues – sulphate reduction to sulphide- 

can be stopped while encouraging the organic degradation (beneficial effect) 

inside the reactor. The proposed mechanism of electron transferring is given in 

Figure 7-1. 

 

Figure 7-1: Proposed electron transferring mechanism by employing electrodes 
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The significance of this research is tointelligentlyuseground and air as electron 

acceptors to avoid unwanted chemical reaction and promote the favourable 

organics degradation. This was achieved by employing graphite electrodes to 

collect released electrons from any oxidation reaction and direct them to the air or 

to the ground. 

7.2 Material and methods 

7.2.1 Experimental design 

Two sets of experiments were run in order to investigate the efficiency of 

employing electrodes for controlling sulphate reduction and accelerating the COD 

oxidation. In the first experiment, sodium acetate as the source of organic carbon 

and relatively low concentration of sulphate ion were tested. The situation is close 

to the normal sewage system. 

Second experiment focused on the performance of reactor with high sulphate 

concentration. The study was set to see how the new design may effectively 

control the sulphate underworst conditions.  

7.2.2 Medium and Bacterial Culture Preparation 

The base of anodic solutionat pH 7 and ambient temperature contains (in distilled 

water): 1.02 g/L NaCH3COO, 0.74 g/LKCl, 0.68 g/L KH2PO4, 0.87 g/L K2HPO4, 0.28 

g/L NH4Cl, 0.1 CaCl2.2H2O. For low sulphate experiment, 0.1 g/L of MgSO4.7H2O 

was supplied to maintain 39 mg/L ofSO4
2-;for high sulphate experiment, it was 

increased to 1.0 g/L of MgSO4.7H2O to provide 390 mg/L of SO4
2-. 

The bacterial culture (sludge) used in this study was brought from Beenyup 

anaerobic wastewater treatment plant – Perth, Australia and directly introduced 

without any further acclimation.  

7.2.3 Reactor Set up, Operation and Sampling 

Two similar acrylic pipe reactors(L=75 cm, D=10 cm) were fabricated which 

resembled a sewer system with exposure to air on top of the water surface with 

about half full flow through the pipe (Figure 7-2). Reactor-A (R-A) was equipped 
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with 6 graphite rod electrodes (Carbon Lorraine Australia Pty Ltd) and Reactor-B 

(R-B)wasa simple pipe system. Electrodes in R-A were exposed to the air and for 

better efficiency they were also connected to the soil with copper wires. Both 

reactors were covered with aluminium foil and electrical blanket to avoid 

exposure to sunlightand temperature drop during the experiment.Two pumps 

were employed to feed SWWthrough R-A and R-B. The effluent was drained 

underthe gravity. Hydraulic retention time was calculated to be 13 hours based on 

total volume and pump flow rate. 

 

Figure 7-2: Reactor set up 

Same amount of sludge was injected into both reactors, which were running for 20 

days for acclimation before measurements began.  

In high sulphate experiment, reactors were injected with high sulphate SWW for 

couple of days and then the reactors were running for 1 month. 

7.2.4 Analysis 

After the acclimation period of 20 days, Influent and effluent of each reactor were 

sampled regularly. Then, samples were filtered through a pre-washed 0.45μm 

(Acetone plus, Supported plain, GE water and process technology, Aus) filter paper 

prior to any other tests. COD and sulphate were measured based on methods 

described in section 3.4.1 and 3.4.3 respectively. 
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7.2.5 Calculation of theoretical sulphate demand for COD oxidation 

Based on calculation, each mole of sodium acetate contains two carbons (24 mg/L 

of organic carbon or 64 mg/L of COD) which can supply electrons for reducing one 

mole of sulphate (96 mg/L) to sulphide. Consequently each mg/L of sulphate 

would degrade 1.5 mg/L of COD, if sulphate was the only electron acceptor. 

7.3 Results and Discussion 
The results for both low and high sulphate experiments are discussed below. The 

detailed data for this experiment can be found in  
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Appendix E.(The detailed data for this experiment was presented at the Appendix 

D. Also the result of this experiment was published at journal of Bioresource and 

technology and the paper presented in Appendix E) 

7.3.1 Low sulphate experiment 

The COD removal in R-A is about double that of R-B (Figure 7-3). For the first few 

days, the COD removal in both reactors was similar, but the pattern changed after 

the fifth day possibly due to increased microbial activities. The highest COD 

removal in R-A was recorded at 650 mg/Lwithan average about 400 mg/L. 

However, the highest COD removal in R-B was 400 mg/Lwith an average about 

200mg/L.  

The amount of sulphate was tested in some cases. This is shown in Figure 7-3: 

COD reduction (mg/L) in low and high sulphate concentration 

. The average sulphate removal of about 2 and 3 mg/L were observed in R-A and 

R-B respectively. Although sulphate reduction in R-B is higher than R-A, but it is 

still not significant. Despite low sulphate reduction in R-B, COD reduction in this 

reactor is still high.  
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Figure 7-3: COD reduction (mg/L) in low and high sulphate concentration 

 

Figure 7-4: Sulphate reduction (mg/L) in low and high sulphate experiment 

Theoretically when organic carbon is reduced, the released electrons should be 

accepted by another substance otherwise the COD reduction would stop. 
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Theoretical sulphate requirement is shown in Figure 7-5. For example, the average 

of 200 mg/L COD removal would require a reduction 300 mg/L of sulphate. The 

respective observed removal (3 mg/L) of sulphate is about 1% of the requirement. 

There can be two possibilities: incomplete acclimation or availability of another 

electron acceptor. Oxygen can leak through the system from inlet and also outlet 

point as reactors were designed to simulate normal sewage system. As oxygen is a 

much stronger electron acceptor, it would have played a role in reducing higher 

COD than the theoretical requirement. 

The driving force for COD reduction in R-B was oxygen at the water surface and 

sulphate below the water surface whereas in R-A, the additional force of air 

cathode (electrodes) helped to achieve higher organic carbon degradation. 

 

Figure 7-5: COD reduction (mg/L) vs. Sulphate reduction in low sulphate 

experiment 

The higher COD reduction will provide more electrons through the system and it 

can convert more sulphate ions to sulphide via a reduction reaction. With the new 

designed system, each electrodes inside R-A, would collect the released electron 

from any biological interaction occurring below the water surface and convey 

them out of water which means there is competition for capturing released 

electrons from degrading reaction. Although the ratio of R-A volume to the surface 
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area of provided graphite is high, there is an opportunity for free electrons to 

travel via the graphite electrode to outside the water. Apparently the amount of 

electrons which could lead to sulphate reduction reaction in R-A will be less than 

R-B. This proposed theory is supported by higher COD removal as well as less 

sulphate reduction in R-A. 

7.3.2 High sulphate experiment 

For the low sulphate experiment, the sulphate concentration was too low to meet 

the theoretical requirement and the concept of the air cathode application need 

to be tested at higher sulphate concentration with higher competition for electron 

acceptance. So in the second experiment sodium acetate was the only organic 

carbon fed to the pipe reactors, but the sulphate concentration in SWW was 

increased. The result of COD reduction in high sulphate experiment is illustrated in 

theFigure 7-3. 

The efficiency of COD reduction in this case was even higher than low sulphate 

experiment. The average COD removal for R-A was observed about 450 mg/L, 

whereas it was less than 300mg/Lin R-B (Figure 7-3).  Both average removals 

indicated the improvement in terms of COD reduction. This was an expected result 

as increased abundance of an electron acceptor should encourage higher COD 

reduction. 

In the Figure 7-3: COD reduction (mg/L) in low and high sulphate concentration 

, less sulphate reduction in R-A was clearly shown again for the second high 

sulphate experiment. In other words, despite more reduction of COD in R-A, 

sulphate drop was less than expected. The average of sulphate removal in R-A was 

recorded about 20 mg/L, while that was in R-B around 68 mg/L. Similar to the low 

sulphate experiment, it could be because of the presence of electrodes, as they 

create an area of competition for electron acceptance. It is well known that very 

high energy is obtained when oxygen is used as an electron acceptor rather than 

sulphate or in other words half reduction reaction of oxygen has high potential 
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than that with sulphate. Therefore, irrespective of whether there is sufficient 

sulphate in the water, oxygen at the air cathode is utilised as an electron acceptor, 

especially for the electrons generated from the water surface. 

So even for higher sulphate concentration feed, sulphate reduction in R-A 

remained low while in R-B, higher sulphate reduction occurred. There are two 

reasons which can encourage more sulphate reduction in R-B; firstly the higher 

sulphate concentration in influent would have provided more opportunity for 

sulphate to reduce and secondly more SRB could have grown as the situation in R-

B was in their favour.  

The sulphate reduction versus COD reduction for high sulphate experiment is 

graphed in Figure 7-6. It can be noticed that most of the data points for R-B are 

lying closer to the theoretical requirement line. The SRB grew with higher 

concentration of sulphate, especially in R-B where there is less competition for 

accepting electron. The sulphate reduction in R-A was also increased comparing to 

low sulphate experiment, but still significantly less comparing to R-B. 

 

Figure 7-6: COD reduction (mg/L) vs. Sulphate reduction in high sulphate 

experiment 
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In summary despite increased sulphate concentration, the electrode provided 

reactor (R-A) performed beneficially in terms of sulphate reduction and COD 

removal. In the experiments clearly the electrode surface area was not sufficient 

to collect all the electrons released from the degrading organics and the use of 

acetate would have only selected specific microbes to participate in the reaction. 

However, in the real sewer systems the organic substrate is complicated and 

hence more experiments are needed. 

7.4 Conclusion 
The experiments proved that sulphate reduction, the driver of bio-corrosion, in 

sewer system could be reduced by employing electrodes to collect the released 

electrons from degrading organics (acetate) and transport them out of the water 

and it was associated with higher COD removal. Further, the electrode provided 

reactor performed better in terms of COD removal and sulphate reduction, even 

when higher concentration of sulphate was provided. Further experiments are 

needed to consider the real sewer system variation. 

 
 

 

 

 



 

 

  



Chapter-8: Optimal temperature for microbes in an acetate fed MEC 

 

 

 

 

Chapter 8 

Optimal Temperature for Microbes in an 

Acetate Fed Microbial Electrolysis Cell 

  



Chapter-8: Optimal temperature for microbes in an acetate fed MEC 

 

81  

 

8 Optimal temperature for microbial in and acetate fed 

microbial electrolysis cell 

8.1 Objective of experiment 
Organic degradation in MEC is depending on the activity of microorganism. 

Degradation is linked to rate of growth and microorganisms’ activity.  

Maintain suitable environment for microorganism to grow may likely improve the 

level of organic oxidation to achieve higher COD removal in the reactor.  

The range of 25-35°C was investigated in batch MEC reactor to consider rate of 

COD removal as well as growth rate of microorganism in different temperature 

points.  

8.2 Theory of experiment 
Anaerobic microorganisms are in charge for organic degradation and based on the 

literature, specific temperature would improve the COD reduction. Most of the 

research about MEC reactors were set up at room temperature (25°C) while 30°C 

was identified as optimum temperature for continues MEC (Kyazze et al.; 2010). 

8.3 Material and methods 

8.3.1 Analytical Procedure 

All samples were taken from the reactor based on what described in section3.3. 

DOC analysis was conducted using Sievers 5310C (GE, Aus) and Aquakem 

(AQUAKEM 200, BÜHLMANN Laboratories AG, Switzerland) was employed for 

ammonia measurement (section 3.4.2 and 3.4.3). 

The measurement error for DOC was 5% and that for ammonia was 2µg/l. Because 

each sample was diluted 50 times before testing with Aquakem, the accumulated 

error was 0.1mg/l for Ammonia-N. The volatile suspended solids (VSS) was 

measured following the Standard MethodsAndrew D. Eaton et al., 2005) (was 

described in section 3.4.4). Based on error in readings of analytical balance GR-

200A&D® - GR-200 - Analytical Balance, the measurement error for VSS was 
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calculated as±20 mg/L, (The error itself is low but as the solution was diluted, error 

will be multiplied by dilution factor). 

The current and pH were monitored using equipment described in section3.4.1. 

8.3.2 Medium and acclimatisation of biomass 

Synthetic wastewater (SWW) was used in this experiment described in section 3.2 

and the organic carbon was maintained by adding sodium acetate. The total COD 

of SWW was designed at 800ppm. Anodic compartment was filled with SWW and 

cathodic chamber was fed with potassium buffer solution as described in 3.2. 

The mixed biomass used for the experiments was sourced from Beenyup 

anaerobic wastewater treatment plant (Perth - Australia) and acclimatised by 

anaerobic treatment with an anodic solution for at least two weeks prior to the 

start of the experiment. (Two weeks time for microorganism to stabilised was 

experienced in previous tests of this research) 

8.3.3 Reactor Set up 

Two similar reactors were assembled by bolting Acrylic sheets together. Each 

reactor has two compartments separated by a layer of cation exchange membrane 

(CEM) (Membrane International Inc. NJ, USA) and the volume of each 

compartment is 320 ml. Every junction was sealed with silicon glue to avoid any 

leakage during the experiment. A 150 ml of total volume in an anodic chamber 

was filled with MO (Microorganism) and an anodic solution was added to fill the 

rest. The total volume of the cathodic part was occupied by phosphate buffer 

solution. Both anodic and cathodic compartments were equipped with a 9 mm 

diameter Graphite rod (Carbon Lorraine Australia Pty Ltd) to transfer electrons. 

An electrical supply (Lab Power Supply 0-30V DC 5.0A, Dick-smith, China) was used 

to supply power to the reactor. 
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8.3.4 Start-up, operation and sampling 

Two reactors were set up and for each reactor; the acclimatised microorganisms 

and the anodic solution were introduced into the anodic compartment. And the 

cathodic solution was inoculated into the cathodic compartment. Each reactor was 

placed in one of two incubators (E 110 Mȕve cooled Incubator, Turkey). The first 

incubator (and thus Reactor-1) was consecutively operated at 25, 31 and 35°C (85 

days of operation in total). Temperature was strictly controlled in each reactor 

within ±0.1°C. Operational period of the reactor at each temperature was 

determined based on COD removal performance. Stable COD removal rate was 

used as a criterion to switch to the next temperature. In general, the reactor was 

operated for about three weeks in each temperature point but in case of 35oC it 

was operated for more than three weeks to achieve the stability. Similarly, the 

second reactor (Reactor-2) at the other incubator was operated at 29 and 30°C in 

sequence (40 days of operation in total). During the operation, the reactors were 

fed daily (batch mode after a single feed) with the anodic solution and to avoid 

accumulation of positive ions, the cathodic solution (phosphate buffer) was 

replaced with a fresh solution every 2-3 days. Following the adjustment of each 

temperature, reactors were fed daily for at least 2-3 days prior to the initial day of 

sampling.  

Wastewater treatment was the main focus of this study and on operational days, 

sampling was done mainly to investigate the profile of COD reduction during a 

cycle time of 8 h. Samples were taken only on some days of operation (4 to 5 

times a week). On each sampling day, the reactors were sampled three times 

(three aliquots of 10 ml) during an 8 h cycle; The first 10 ml sample was collected 

from the reactor, just after introducing the fresh solution and labelled as the 

sample “time zero” for that day. Two more aliquots of 10 ml were sampled for 

each reactor and sampling procedure was followed as described on 3.3. 

A sample of biomass was taken at the start (“zero days for each temperature”) and 

end of operation at each specific temperature to investigate the Volatile 



Chapter-8: Optimal temperature for microbes in an acetate fed MEC 

 

84  

 

Suspended Solid (VSS) of biomass in order to evaluate the rate of growth/death 

along with specific substrate utilisation rate. The reactor content was thoroughly 

mixed before sampling of microorganisms carried out. Sampling immediately 

followed after mixing to avoid any settlement of the sludge so a representative 

sludge sample was obtained. On each day of sampling, a total amount of 30 ml of 

supernatant solution (three samples of 10 ml in three separate occasions) was 

taken from the reactor. Calculation of specific removal rate does not require 

volume change to be taken into account as it is mg-COD removed per g-VSS. As 

VSS was found to be continually declining, the VSS concentration was linearly 

interpolated for specific removal rate calculation (The VSS test was carried out at 

first and end of experiment and declining line was estimated to be linear). 

8.4 Results 
Details results of experiments at different temperature are placed in Appendix 

F(The detailed data for this experiment was presented at the Appendix D). The key 

results of these findings are discussed in the following subsections. 

8.4.1 Profile of current and organic carbon removal 

Observation of current ensures the presence of an electrochemical activity inside 

the reactor. Current was measured at different temperatures and days of 

operation; some of the results are graphed inThe COD removal rate at 25°C 

started at 11.5 mg/l/h and increased to a flat rate of 19 mg/l/h. However, the rate 

of removal increased when the temperature was switched to 31°C. The highest 

rate was recorded at 39 mg/l/h at 31°C and the performance was not stabilized 

until the rate dropped to 35 mg/l/h. At 35°C, the removal rate again decreased 

and the patterns was very similar what was seen at 25°C. At this temperature, the 

removal started at above 25 mg/l/h with a sharp decreasing rate before reached 

to 15 mg/l/h. The temperature changed as soon as result of COD removal was 

stable (similar ration for ppm/h). 
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. The results of COD removal on each day of operation during the 8 h operational 

cycle in Reactor-1&2 at five temperature settings are demonstrated inFigure 8-1: 

Profile of current at different temperature for selected days of operation 

Based on Figure 8-2: Rate of COD removal at 25, 31 and 35⁰C – Reactor 1 

, in the anodic compartment of the second reactor at 29oC, the removal rate was 

recorded at about 24 mg/l/h and stabilized at 24-25 mg/l/h. A significant 

improvement was noted at 30°C and further increase of temperature by one 

degree resulted in higher removal rates. It could be concluded that the optimum 

removal is at 30-31°C, however, it is not certain since biomass was not considered. 

(In figure 8-3, the gap is due to reactor was not running between day 30 and 55) 

 

 

 and Figure 8-2: Rate of COD removal at 25, 31 and 35⁰C – Reactor 1 

.  

The COD removal rate at 25°C started at 11.5 mg/l/h and increased to a flat rate of 

19 mg/l/h. However, the rate of removal increased when the temperature was 
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performance was not stabilized until the rate dropped to 35 mg/l/h. At 35°C, the 

removal rate again decreased and the patterns was very similar what was seen at 

25°C. At this temperature, the removal started at above 25 mg/l/h with a sharp 

decreasing rate before reached to 15 mg/l/h. The temperature changed as soon as 

result of COD removal was stable (similar ration for ppm/h). 

 

Figure 8-1: Profile of current at different temperature for selected days of 

operation 

Based on Figure 8-2: Rate of COD removal at 25, 31 and 35⁰C – Reactor 1 

, in the anodic compartment of the second reactor at 29oC, the removal rate was 

recorded at about 24 mg/l/h and stabilized at 24-25 mg/l/h. A significant 
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improvement was noted at 30°C and further increase of temperature by one 

degree resulted in higher removal rates. It could be concluded that the optimum 

removal is at 30-31°C, however, it is not certain since biomass was not considered. 

(In figure 8-3, the gap is due to reactor was not running between day 30 and 55) 

 

 

Figure 8-2: Rate of COD removal at 25, 31 and 35⁰C – Reactor 1 
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Figure 8-3: Rate of COD removal at 29and 30⁰C – Reactor 2 

8.4.2 Biomass profiles in the reactors 

The microbes are anaerobic and have a slow growth rate which is known to be 

affected by temperature (Metcalf and Eddy et al., 2002) . Fractions of biomass 

remaining in reactors were also investigated at tested temperatures (Figure 8-4).  

 

Figure 8-4: Effect of temperature on VSS 

Interestingly in all temperature settings, VSS reduction was observed. Initial VSS 

concentrations in Reactors 1 and 2 were 4.15 and 4.8 g/L, respectively. The 

decreasing rates were different at different temperatures. For instance, the 

declining rate of VSS at 25 and 29ºC were close and both recorded as -0.075± 

0.002 and -0.07±0.001 (gVSS/l)/day, respectively. Similarly, the decreasing rates at 

30, 31 and 35oC were very comparable; values of 0.01±0.002, 0.02±0.002 and 

0.0311±0.001 (gVSS/l)/day were recorded, respectively. Based on the results, the 

best condition for microbes was observed at 30ºC with the least decreasing rate of 

VSS. 
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8.4.3 Variation of specific COD removal rate with temperature 

The rate of COD removal /gram of biomass (VSS), over the operation of the MEC 

strongly varied with temperature (Figure 8-5). As it is clearly shown, the activity is 

low at 25°C (3 mg COD/gVSS.l.h); it improved to an average value of 5.0 mg 

COD/gVSS.l.h at 29°C. However, the biggest improvement was recorded when the 

temperature was increased to 30 and 31°C; the average removal rates were 12.00 

and 14.30 mg COD/gVSS.l.h, respectively. The activity again experienced a fall at 

35°C to slightly more than 10 mg COD/gVSS.l.h. 

Figure 8-5: Effect of temperature on VSS 
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has seen that temperature variation play a significant role in the removal process 

and this study shows the evidence. More research may be required to evaluate 

the benefits that can be made with consideration of temperature variation.  

8.5.1 COD removal and correlation with current 

Application of different temperature greatly affected the organic carbon removal 

performance. The anaerobic microorganisms are responsible for organic carbon 

degradation and are expected to be controlled by temperature.  

Monitored “current”, illustrated almost similar trend for each individual tested 

temperatures. Although current is not the best indicator of COD removal, it could 

be qualitatively linked to the profile of COD reduction. For instance, comparing the 

profiles of current at 25 and 29°C, a higher COD reduction was expected for 29°C 

as the current was consistently higher (The COD removal rate at 25°C started at 

11.5 mg/l/h and increased to a flat rate of 19 mg/l/h. However, the rate of 

removal increased when the temperature was switched to 31°C. The highest rate 

was recorded at 39 mg/l/h at 31°C and the performance was not stabilized until 

the rate dropped to 35 mg/l/h. At 35°C, the removal rate again decreased and the 

patterns was very similar what was seen at 25°C. At this temperature, the removal 

started at above 25 mg/l/h with a sharp decreasing rate before reached to 15 

mg/l/h. The temperature changed as soon as result of COD removal was stable 

(similar ration for ppm/h). 

, 8-2 and 8-3). At 35°C, the current was monitored very low (near zero) and the 

performance of COD reduction was not significant (The COD removal rate at 25°C 

started at 11.5 mg/l/h and increased to a flat rate of 19 mg/l/h. However, the rate 

of removal increased when the temperature was switched to 31°C. The highest 

rate was recorded at 39 mg/l/h at 31°C and the performance was not stabilized 

until the rate dropped to 35 mg/l/h. At 35°C, the removal rate again decreased 

and the patterns was very similar what was seen at 25°C. At this temperature, the 

removal started at above 25 mg/l/h with a sharp decreasing rate before reached 
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to 15 mg/l/h. The temperature changed as soon as result of COD removal was 

stable (similar ration for ppm/h). 

Figure 8-1: Profile of current at different temperature for selected days of 

operation 

Based on Figure 8-2: Rate of COD removal at 25, 31 and 35⁰C – Reactor 1 

, in the anodic compartment of the second reactor at 29oC, the removal rate was 

recorded at about 24 mg/l/h and stabilized at 24-25 mg/l/h. A significant 

improvement was noted at 30°C and further increase of temperature by one 

degree resulted in higher removal rates. It could be concluded that the optimum 

removal is at 30-31°C, however, it is not certain since biomass was not considered. 

(In figure 8-3, the gap is due to reactor was not running between day 30 and 55) 
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31°C. The highest rate was recorded at 39 mg/l/h at 31°C and the performance 

was not stabilized until the rate dropped to 35 mg/l/h. At 35°C, the removal rate 

again decreased and the patterns was very similar what was seen at 25°C. At this 

temperature, the removal started at above 25 mg/l/h with a sharp decreasing rate 

before reached to 15 mg/l/h. The temperature changed as soon as result of COD 

removal was stable (similar ration for ppm/h). 

, 8-2 and 8-3). Therefore, it could be concluded the electrochemically active 

microorganisms were presenting in the system and participating in degradation of 

COD. 

 

8.5.2 Growth rate of microorganisms 

Operational temperature for reactors relying on mesophilic bacteria, was designed 

to be between 30 and 38°C (Metcalf and Eddy et al., 2002) while for 

electrochemically active microorganisms in a continuous reactor, a lower 

temperature bracket of 30-31°C was found as the most effective temperature 

settings(Kyazze et al., 2010).The activity can be controlled by temperature and 

concentration of biomass. However, biomass concentration heavily depends on 

the growth rate. Because the reactors were operated in a batch mode for a 

minimum of three weeks at each temperature point, the growth/death would be 

considerable. The rate of change may control the concentration of biomass and a 

higher concentration of biomass would lead tomore effective 

performance(Aboutalebi et al., 2011).The VSS concentration was measured at the 

beginning and end of each temperature settings. With the measurement of VSS in 

the reactor, and hence the calculation of mg-COD removed per g-VSS per hour, 

the best temperature was found to be 31°C in terms of both activity and growth of 

biomass.  

Measurement of VSS also showed an interesting result that there was a 

continuous and consistent decline of VSS in runs at most operational 

temperatures with the least decline at 31oC. The consistency of the results 
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suggests that microorganisms may struggle to survive in the environment provided 

by the reactor. However, it should be noted that some microorganisms could have 

been possibly lost during the sampling and feedings, as supernatant was 

withdrawn after the settling of the sludge in all cases. The loss of microorganisms 

via this pathway could not explain the decline observed, as about 32% of the 

biomass was lost within the first 19 days of operation for reactor (Reactor 1) 

operating at 25oC. The reason for such substantial loss could be slower growth. 

Similarly, it is not possible to compare with the literature results as there was no 

literature that measured VSS with time. Since the objective of the research was to 

understand how temperature impacts the COD removal rate, further experiments 

were not carried out to understand the causes of biomass loss. However, the 

results indicated a substantial reduction in biomass either as acclimation or 

natural death and hence this needs to be taken into account in determining 

specific COD removal rate (the rate of COD removal per g of biomass) in future 

experiments. Likewise, the experiments conducted only considered VSS 

concentration which can include both active and dead microbes. Future rigorous 

experiments are needed to carefully evaluate this claim. 

Referring to Figure 8-1: Profile of current at different temperature for selected 

days of operation 

Based on Figure 8-2: Rate of COD removal at 25, 31 and 35⁰C – Reactor 1 

, in the anodic compartment of the second reactor at 29oC, the removal rate was 

recorded at about 24 mg/l/h and stabilized at 24-25 mg/l/h. A significant 

improvement was noted at 30°C and further increase of temperature by one 

degree resulted in higher removal rates. It could be concluded that the optimum 

removal is at 30-31°C, however, it is not certain since biomass was not considered. 

(In figure 8-3, the gap is due to reactor was not running between day 30 and 55) 
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 and b, the COD removal rate at 35oC was observed significantly less than 30oC. 

Surprisingly the result of COD removal/VSS (Figure 8-5) at the start of 35oC was 

slightly higher than 30oC and it declined and stabilized to about 10 mg/l/h/gVSS 

which was less than the monitored rate for 30oC. The comparing results suggested 

a delay in the reactor before stabilizing. 

8.6 Conclusion 
Temperature significantly influenced the COD removal rate and biomass 

concentration. 

Highest COD removal rate was observed at 31°C, with slightly lower rate at 30oC. 

Much lower rates were observed at 25oCwhile results at 29oC showed the 

transitional period. 

Consideration of biomass concentration confirmed that the specific COD removal 

rate was the highest at 31oC (5 mg/l/hr/g-VSS), followed by slightly less removal at 

30oC. 
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Biomass concentration drop was significant in all temperatures, although it was 

the lowest at 30oC. Further rigorous experiments are needed to confirm this 

finding. 

For accurately comparing the performance of reactor at various conditions, 

appropriate time should be considered to achieve stable environment.  
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9 DOC removal in MEC using long chain of organic 

carbons and amino acids 

9.1 Objective of experiment 
Application of COD reduction in MEC for acetate base media has been investigated 

so far. To improve DOC reduction, effect of biomass concentration as well as 

temperature has been studied to achieve higher performance of reactor for 

wastewater treatment. To prove the case of using MEC reactor for wastewater 

treatment purpose the efficiency of reactor need to be investigated with more 

complicated composition of synthetic wastewater rather sodium acetate.  

In this study, different compositions of organic carbon have been tested and DOC 

reduction was compared. Sodium butyrate &valeric acid was chosen as the sample 

of long organic carbon chains. Glycine & DL-Serin also have been selected as a 

mixed composition of organic carbon and organic nitrogen (amino acid chain).  

9.2 Theory of experiment 
Acetate base of synthetic wastewater has been popular due to its simplicity of 

organic carbon composition. For longer chain of organic carbon it is assumed that 

lower DOC reduction would be observed as longer time is required for degrading 

organic carbon. 

In procedure of oxidation of organic carbons, long chain of organic carbon need to 

degrade to short chain and the last composition of organic carbon is acetate. This 

could explain the simplicity of degrading acetate comparing to other composition 

of organic carbons. In fact higher number of organic carbon and nitrogen in one 

composition would require longer time for microorganisms to complete the 

degradation procedure. Based on this assumption, Sodium butyrate, valeric acid, 

Glycine and DL-Seringwill require longer degrading time. 
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9.3 Material and methods 

9.3.1 Analytical Procedure 

The analytical procedures followed in this chapteris similar to what explained in 

8.3.1. 

9.3.2 Medium and acclimatisation of biomass 

Preparing cathodic solution is described in section 3.2, however following the 

procedure suggested by (Zehnder& Brock, 1979). Preparing butyrate, Valeric acid, 

DL-serine and Gelycine solutions are described as below;   

Sodium Butyrate 

0.69 g/L C4H7NaO2, 0.74 g/LKCl, 0.68 g/L KH2PO4, 0.87 g/L K2HPO4, 0.28 g/L NH4Cl, 

0.1 g/L MgSO4.7H2O, 0.1 CaCl2.2H2O and 1ml/l of trace metal elements base 

(Zehnder & Brock, 1979) in milli-Q water with pH adjustment at 7.0 ± 0.1. 

Valeric Acid 

0.51 g/L C5H10O2, 0.74 g/LKCl, 0.68 g/L KH2PO4, 0.87 g/L K2HPO4, 0.28 g/L NH4Cl, 

0.1 g/L MgSO4.7H2O, 0.1 CaCl2.2H2O and 1ml/l of trace metal elements (Zehnder & 

Brock, 1979)base in milli-Q water with pH adjustment at 7.0 ± 0.1. 

Glycine 

0.94 g/L H2NCH2COOH, 0.74 g/LKCl, 0.68 g/L KH2PO4, 0.87 g/L K2HPO4, 0.1 g/L 

MgSO4.7H2O, 0.1 CaCl2.2H2O and 1ml/l of trace metal elements (Zehnder & Brock, 

1979)base in milli-Q water with pH adjustment at 7.0 ± 0.1. 

DL-Serine 

0.87 g/L C3H7NO3, 0.74 g/LKCl, 0.68 g/L KH2PO4, 0.87 g/L K2HPO4, 0.1 g/L 

MgSO4.7H2O, 0.1 CaCl2.2H2O and 1ml/l of trace metal elements (Zehnder & Brock, 

1979)base in milli-Q water with pH adjustment at 7.0 ± 0.1. 

The mixed biomass used for the experiments was sourced from Beenyup 

anaerobic wastewater treatment plant (Perth - Australia) and acclimatised by 
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anaerobic treatment with an anodic solution for at least two weeks prior to the 

start of the experiment. 

9.3.3 Reactor Set up 

Reactor set up is similar to that is described in section 8.3.3. 

9.3.4 Start up, Operation and Sampling 

Two reactors were set up and for each reactor the acclimatised microorganisms 

and the Sodium butyrate (SB) and Valeric Acid (VA) solution were introduced into 

the anodic compartment of Reactor-1 and 2, respectively. The cathodic solution 

was inoculated into the cathodic compartment. The reactor were placed in an 

incubator (E 110 Mȕve cooled Incubator, Turkey) and was consecutively operated 

at 30- 31oC. Operational period of the reactor was determined based on DOC 

removal performance. Stable DOC removal rate was used as a criterion to switch 

to the next two mediums (Glycine (G) and DL-Serine (DLS)). During the operation, 

the reactors were fed daily with the anodic solution and to avoid positive ions 

accumulation, while the cathodic solutions were replaced with a fresh solution in 

every two days. Reactors were operated by continually feeding for at least 2-3 

days prior to sampling initially.  

On operational days, sampling was done mainly to investigate the profile of DOC 

reduction and ammonia concentration during a cycle time of 20-24 hours. Random 

samples were carried out with the frequent of 4 to 5 times a week. On each 

sampling days, the reactors were sampled two times; at first and end of the cycle. 

Sampling was carried out based on sampling procedure described in 3.3. 

The first 10 ml sample was collected from the reactor, just after introducing the 

fresh solution and labelled as the sample at “time zero” for that day. One more 

aliquots of 10 ml were sampled from each reactor. Following the sampling, the 

reactors were operated continuously for the rest of the day and the remaining 

supernatant was taken out before injecting the fresh solution. 
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9.4 Result and discussion 
The average DOC removal rate (ppm/h) was graphed in Figure 9-1. The lowest 

average DOC removal rate was observed at3.50 ppm/h for SB, while the highest 

rate recorded at 7.50 ppm/h for G. The rate of removal for DLS was closed to G at 

6.70 ppm/h and finally the rate was measured at 5.00 ppm/h for VA. G with two 

carbons in chain provided higher removal rate while VA with five carbons 

expected to have the lowest removal rate. Surprisingly, rate of removal for the SB 

is the lowest among all indicating the importance of other factors such as 

simplicity of organic chain.  

 

Figure 9-1: Profile of DOC removal (ppm/h) for different composition 

Number of carbon in the organic chain is not the only influencing parameter. 

Results indicate the possibility of ammonia concentration for DOC removal. The 

profile of DOC removal (ppm/h) was plotted against the DOC(ppm)/Ammonia 

(ppm) at start of each experiment for SB, VA, G and DLS (Figure 9-2). VA with five 

carbons has the longest chain of organic carbon and expected to shows the lowest 

DOC removal however the result indicating the rate of removal for this component 

is higher that SB with 4 carbons. Higher concentration of ammonia at the start of 

treating cycle effectively lifted the removal rate. G and DLS with 2 and 3 carbons in 

the chain are easier organics for degrading and the rate of DOC removal are 
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almost double the case of VA and SB. Concentration of Ammonia also is higher in 

G solution and could be one of the reason for higher DOC removal rate beside 

shorter chain of carbons. 

 

Figure 9-2: Effect of Ammonia concentration on DOC reduction 

Higher concentration of ammonia could be in favour of microorganisms in MEC 

reactor. It might possibly use by microorganisms for utilising the body cell and 

provide better environment and encourage higher growth. 

9.5 Conclusion 
Long chains of organic carbon are expected to show the lower DOC removal and 

during the experiment, the facts had been confirmed. There are also some other 

important factors such as the concentration of ammonia in anode which can 

encourage rate of removal. It is interesting that the presence of amino acid which 

normally exists in the wastewater can help the rate of removal as the amino acid 

degrades to ammonia and increase the concentration of ammonia in the 

wastewater system. With the current efficiency of MEC, this technique could be 

used along with conventional methods to reduce the load of DOC in treatment 

plant. The efficiency of MEC also could be higher in high DOC wastewater such as 
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industrial wastewater from food industry. The rate of removal using this technique 

is promising however it needs more improvement before applying in full scale. 
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10 Conclusion 
By employing two compartments MEC reactor in this thesis, following notes are 

concluded and suggested; 

1- MEC reactor shows promising result in COD removal in anodic chamber 

however the required time for digestion needs improvement. It is 

suggested to provide cathodic solution containing ammonia to prevent pH 

gradient over the membrane and avoid potential losses. 

2- Using cation exchange membrane in MEC results moving positive ion such 

as Ammonia from anodic part to cathodic compartment 

3- Simultaneous nitrate removal in cathodic chamber of MEC can be 

accelerate by presenting microorganism and sludge blanket will appear 

within some hours, however this fact doesn’t have any positive/negative 

effect on rate of COD removal in anodic chamber.  

4- Higher concentration of biomass presenting in anodic chamber result in 

excessive COD removal in MEC 

5- Biomass in MEC reactor are sensitive to temperature and the highest rate 

of COD removal was observed and 30-31 °C. It is recommended to set 

temperature at 30-31°C for running any MEC reactor to achieve better 

performance. 

6- The idea of air cathode reactor could help to remove organic from the 

sewage line while suppressing formation of sulphide and avoid corrosion 

inside the pipe 

7- By employing long chain of organic carbon in anodic part, longer time for 

DOC removal is expected however present of Amino acid could have 

positive effect for DOC removal in anode. More investigation is required to 

prove this idea 
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12 Appendices 
Appendix A: Methods of measurement in Aquakem for Ammonia, Nitrite, Nitrate 

and Sulphate are given as the following order;i, ii, iii and iv; 

i. Ammonia 

ii. Nitrite & Nitrate (NOx) 

iii. Sulphate 
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i. Ammonia 

Method I.D          AMMDIC 

Issue Number            001 

Author/Owner        T.Pike 

Date                     1.04.04 

 

 
AMMONIA 

Reference : Methods for the Examination of Waters and Associated Materials 

Ammonia in Waters 1981 ISBN 0117516139. 

 

1. Performance Characteristics of Method  

 

Substances Determined   Ammonia and ammonium ion 

 

Type of Sample    Surface, ground and waste waters 

Range of Application    Up to 500μg/L N (Parameter Listing AMMDIC1) 

Up to 2mg/L N (Parameter Listing AMMDIC2) 

Up to 75.0mg/L N (Parameter Listing AMMDIC3) 

(extended by autodilution) 

Limit of Detection    0.002mg/L 

Calibration     Linear 

 

2. Principle 

Ammonia reacts with hypochlorite ions generated by the alkaline hydrolysis of sodium 

dichloroisocyanurate to form monochloramine. This reacts with salicylate ions in the 

presence of sodium nitroprusside at around pH 12.6 to form a blue compound. The 

absorbance of this compound is measured spectrophotometrically at wavelength 660nm 

and is related to the ammonia concentration by means of a calibration curve. 
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3. Interference 

Magnesium forming a precipitate of magnesium hydroxide at high pH values (>12). The 

trisodium citrate is used to prevent this interference and the method should tolerate 

magnesium at concentrations normally found in most non-saline waters. 
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Method I.D             AMM002/003 

Issue Number                001 

Author/Owner         T.Pike 

Date                            1.04.04 

 

Ammonia Reagent Preparation 

All reagent solutions should be prepared using appropriate P.P.E 

 

Sodium Salicylate Solution (Reagent 1) 

Dissolve 65g of Sodium Salicylate [C7H5O3Na] and 65g of tri-Sodium 

Citrate[C6H5Na3O7.2H2O] in 400ml ammonia free deionised water, adjust the pH toless 

8.0 of necessary with 0.4% Nitric acid. Add 0.49g of SodiumNitroprusside 

[Na2[Fe(CN)5NO].2H2O], dissolve and make up to 500ml with 

ammonia free deionised water. This solution is stable for 1 month. 

 

D.I.C Solution (Reagent 2) 

Dissolve 16g Sodium Hydroxide [NaOH] in 250ml ammonia free deionisedwater. Cool and 

add 1.0g of Sodium Dichloroisocyanurate[Cl2Na(NCO)3.2H2O], dissolve and make up to 

500ml with smmoniafreedeionised water. This solution is stable for 1 month. 

 

Ammonia Standard Solution – 1000mg/L as N 

Dissolve 3.819g of dried Ammonium Chloride (NH4 Cl) in 1000ml of ammoniafree water. 

Stored between 2 - 8°C this solution is stable for 1 month.  
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ii. Nitrite& Nitrate (NOx) 

 

 

 

Oxidised Nitrogen in Waters, Cadmium Reduction  

 

1. Principle of Method: 

Nitrate (NO3) is quantitatively to Nitrate (NO2) by a redox reaction with granulated 

cadmium metal in the presence of a suitable buffer. The nitrite thus produced is then 

reacted with the griess reagents to form a strongly coloured azo dye that is measured 

spectrophotometrically at 540nm or 520nm. 

 

A: reduction  NO3
- + Cd° + 2H+𝑖𝑚𝑖𝑑𝑎𝑧𝑜𝑙𝑒 𝐵𝑢𝑓𝑓𝑒𝑟;𝑝𝐻 8.0       

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�   NO2
- + Cd2+ + H2O                                      

 

B: colour development 

 

 

 

2. References: 

A. EPA Method 353.4 

B. SMWW / APHA Standard Method 4500 - NOx- - E. 

 

3. Performance Characteristics of Method 

Method I.D NOx-W-C-I 

Issue Number 1 

Author/Owner M.Gotthard 

Date 24-Jul-07 
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Substance determined: Nitrate & Nitrite, N as NOx- 

Method Detection limit: 0.003 mg/L 

Type of sample:  surface, ground and waste waters, soil extracts (2M KCl, 

etc) 

Equipment:    Aqualem models 200, 250, 600 

Calibration fit:    polynominal 

Analytical range:  0.1 to 10 mg/L, 0.01 to 0.2 mg/L 

Sample handling:  no special requirements  

Sample preparation: the pH of the sample should be between 5 and 9 or 

adjusted as necessary 

4. Interferences:  

Hydrogen sulphide in excess of 0.1mg/L interferes by precipitating on the column. 

Samples high in sulphide should be precipitated with Cd or Cu prior to analysis. Oil and 

grease may interfere by coating the surface of the column -these samples should be 

extracted with an organic solvent prior to analysis. Iron, copper and other heavy metals in 

excess of several mg/L may alter the reduction efficiency of the column. Phosphate in 

excess of 0.1mg/L decreases the reduction efficiency of cadmium. These samples should 

be diluted or precipitated with Fe(OH)3 prior to analysis. Interferences on the colour 

development step are dealt with in the related Nitrite application (NO2-W-A-A). 

5.  Safety, Waste Management, and QC:  

Sulphanilamide is a controlled substance and should be used and kept secured as required 

by relevant legislation. Cadmium is a bio-accumulative heavy metal that is acutely toxic by 

inhalation and ingestion. It may also be absorbed by the skin. Cadmium has a very long 

half life in the human body and chronic exposure may have effectson the renal, 

respiratory and skeletal systems. There is evidence that some cadmium compounds are 

carcinogenic.  

Exposure to cadmium dust should be controlled by suitable control OH&S measures, 

including gloves and mask. Waste cadmium metal should not be disposed of to drain or 

general landfill. Retain for hazardous waste disposal.  

QC Requirement:The reduction efficiency of the cadmium column must be confirmed 

after calibration by running a nitrite (N as NO2) standard in the upper half of the 

calibration range.  
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6. Reagent Preparation / Working Solutions 

 
a. 2% w/v Copper sulphate 

Dissolve 2.0g of copper sulphatepentahydrate (CuSO4·5H2O) in 100mL of de-ionised (DI) 

water. This solution should be stable indefinitely if kept sealed.  

 

b. Imidazole buffer, pH 8.0 containing 10mg/L Cu 

Dissolve 13.6g Imidazole (C3H4N2 FW=68.08) in approximately 900mL de-ionised water 

Adjust the pH to 8.0 ±0.05 with hydrochloric acid (12M or 5M as appropriate). Add 2mL of 

2%w/v copper sulphate [6.1] and dilute to 1000mL with DI water, this reagent is stable at 

room temperature for one year.  

 

c. Sulphanilamide Reagent - TON COLOUR  

Add 50mL concentrated (12M) hydrochloric acid to 300mL Deionised (DI) water in a 

suitable vessel and make up to 500mL with DI water. Add 10.0g sulphanilamide 

(C6H8N2O2S, FW 172.2) and 0.5g N-(1-naphthy)ethylenediamine (NED:C12H14N2·HCl, FW 

259.2) This reagent should be stored in an amber bottle, and will discolour over time. The 

reagent isnominally stable for three months but should be renewed periodically when the 

background colour becomessignificant.  

 

d. Calibration stock solution: 1000mg/L N as NO3- 

Dissolve 7.216g dried potassium nitrate (KNO3 FW 101.10) in 800mL DI Water in a 1000mL 

volumetric flask and dilute to volume with DI Water. This solution is stable for 12 months 

if refrigerated.  

 

e. Working Calibration Standards 

Prepare separate standards as appropriate to the range by serial dilutions from the stock 

[6.4]. Series standards  

should not be used for analysis using the Cadmium Module. Working standards are stable 

for between 1 and seven days, depending on the level of dilution.  

 

f. Nitrite Stock Standard - 100mg/L N as NO2- 

Dissolve 0.4925g dried sodium nitrite (NaNO2, FW 68.995) in 1000ml of distilled water. 
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Stored between 2 - 8 C in plastic this solution is sta        

 

g. Column Check Standard 

Dilute the nitrite stock standard [6.6] appropriately to a level (in mg/L N) equivalent to the 

top or second-top  

standard on the calibration. Nitrite working standards are unstable and should be 

prepared fresh daily. 

h. Cadmium Granule Preparation and Regeneration 

Reagents Required: 

Acetone  

Hydrochloric acid (10%; 1 M approx.) 

2% w/v copper sulphate [6.1] 

Imidazole buffer [6.2] 

Cadium metal, granules (Part # 50231 or equiv.) 

Preparation of Cadmium  

1. Pour 10g fresh cadmium plus any recovered cadmium in need of 

regeneration to a 40 mesh strainer / sieve, andwash with 50mL acetone and then 

100mL DI water. 

2. Pour the cadmium into a 250mL beaker and then wash with two x 50mL 

portions of 0%w/v hydrochloric acid for5-10 seconds each. 

3.  Following this, transfer the granules back to the strainer and wash with 3 

x 100mL portions of DI Water.  

4.  Pour the granules back to a 250mL beaker and then add 100ml of 2%w/v 

copper sulphate solution and swirl for 1-2 minutes. Decant this solution. Wash 

with a 25mL portion of imidazole buffer to remove colloidal copper.  

5.  Decant and repeat the previous step until a weak pale blue colour persists 

in the copper sulphate solution.  

Note: the aim of this procedure is to etch the cadmium granules to increase the 

surface area and increase the reduction efficiency. The granules should appear 

dark grey or nearly black. In practice the granules mayappear slightly brown due 

to some deposition of colloidal copper. This is acceptable, but an intense brown or 
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bright red colour should be avoided as this indicates the over-deposition of 

colloidal copper that will obstruct the surface of the cadmium metal.  

6. If storing the granules at this stage, transfer them to a small bottle 

containing30mL buffer. 

 
 

i.  Cadmium Colum Packing 

1. Remove both plastic fittings from the column, and check that the ground glass 

end pieces and threads are ingood condition. 

2. Place a very small wad of green scourer pad or coarse glass wool in one end of the 

open column and thenreplace the plastic fitting on this end. Ensure that the o-ring makes 

a good seal against the ground glass end ofthe column, without any of the plugging 

material across the seal. 

3. Slowly pour cadmium into the column, while tapping the barrel (not the thread!) 

to settle the cadmium andpack it tightly. 

Note:Reliable reduction on the Aquakem requires the cadmium column to be well packed 

so the granules do not move back and forth excessively with the reduction oscillation. If 

necessary, use a suitable metal rod to gently press the cadmium down and pack it firmly 

several times while filling the column.  

4.  Once the column is full, place another very small plug of green scourer pad or 

glass wool in the end then replace the fitting. Once again, ensure that the plug does not 

interfere with sealing of the column.  

5.  Rapidly flush the column with buffer from a large syringe to remove trapped air 

bubbles, and then disconnectand fit a buffer-filled tubing loop so that the column is 

stored away from air.  

Note:It is possible to pack columns either wet or dry, as long as air is removed 

from the c olumn for storage.  

6. Place the column on the instrument, running Cd Module Prime and Add Cd Buffer 

operations as appropriate tosweep out any trapped air-bubbles. 

7. Once flushed of bubbles and ready to use on the instrument, the column should 

be activated by running 7-12replicates of a high level nitrate standard. 

Note: Oxygen is a competitive oxidizing agent on Cadmium and interferes by 

taking active sites on the metal, and also by causing loss of pH control in the 

buffer via production of OH-. Bubbles also affect the reproducibility of the 
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reduction process by interfering with mixing and fluid transport. Air bubbles 

should be excluded at all stages of analysis using the Cd module. 
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7. Method performance data  
 

Sample ID Result 
 

           (Calibration range 0.002 -.2mg/L) 
  

LNS12 0.00137 

LNS12 0.00150 

LNS12 0.00098 

LNS12 0.00082 

LNS12 0.00035 

LNS12 -0.00104 

LNS12 0.00025 

LNS12 0.00113 

LNS12 0.00142 

LNS12 -0.00110 

LNS12 -0.00098 

LNS12 -0.00016 

LNS12 0.00129 

LNS12 -0.00052 

LNS12 -0.00036 

LNS12 -0.00030 

LNS12 -0.00005 

LNS12 -0.00024 

LNS12 -0.00025 

-------------------------------------------- 

n= 20 

Average: 0.00014 

Std.Deviation:0.00093 

MDL:0.00027mg/L 

 

Notes: 

Validation samples were run using 

calibrations of Series standards (ie 

instrument auto-dilution) on the routine 

Low Range method. 

 

Although Labmedics publishes method 

performance data, including MDL, 

precision, accuracy and carryover studies, 

we cannot 

guarantee that each laboratory will be 

capable of meeting such  

performance. Indivdual laboratory and 

instrument conditions, as well  

as laboratory technique play a major role 

in determining method  

performance. The support data serves as a 

guide to the potential  

method performance. Some labs may not 

be able to reach this level  

of performance for various reasons, while 

other labs may exceed it. 

Statistics: 

The Method Detection Limit (MDL) is 2.86 

x S.D. (99% C.I. for n=20) % Spike 

Recoveries are corrected for volume 

changes. 

Accuracy calculated as Average Recovery ± 

2 S.D. (~95% C.I.) 
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Sample ID Result 
(Calibration range 
0.002-0.2mg/L)  
 NLLNCT R11B3 
 0.083403 

NLLNCT R11B3 0.085411 

NLLNCT R11B3 0.086454 

NLLNCT R11B3 0.08191 

NLLNCT R11B3 0.084489 

NLLNCT R11B3 0.084419 

NLLNCT R11B3 0.086661 

NLLNCT R11B3 0.084851 

NLLNCT R11B3 0.083421 

NLLNCT R11B3 0.084342 

NLLNCT R11B3 0.081394 

NLLNCT R11B3 0.081744 

NLLNCT R11B3 0.082309 

NLLNCT R11B3 0.084539 

NLLNCT R11B3 0.084472 

NLLNCT R11B3 0.084949 

NLLNCT R11B3 0.082227 

NLLNCT R11B3 0.082694 

NLLNCT R11B3 0.083344 

NLLNCT R11B3 0.082777 
----------------------------------------- 

n= 20 

Average: 0.0851 

Std. Deviation: 0.00155 
                    Known value:           0.0828mg/L 

Validation Data Summary                    Labmedics Result 

Known value Average.   

 

Round 10 National Low Level Nutrients 

Collaborative Trial  

 NLLNCT R10 B1  0.076  0.0688   

NLLNCT R10 B3 0.002 0.0044  

NLLNCT R10 B5 0.0120 0.0144  

NLLNCT R10 B7 0.0828 0.0851  

Round 11 National Low Level Nutrients 

Collaborative Trial  

 NLLNCT R11 B1  0.163  0.171   

NLLNCT R11 B3 0.113 0.117  

NLLNCT R11 B5 0.0017 0.0006  

NLLNCT R11 B7 0.163 0.184  

Round 12 Environmental Nutrients Collaborative 

Trial  

 ENCT R12 B1  0.0267  0.0268   

ENCT R12 B3 0.048 0.0492  

ENCT R12 B5 0.201 0.188  

ENCT R12 B7 0.0070 0.0078  

 

QHSS samples 

EN114 Logan River 1.1 0.983  

EN169 Bris. River 0.079 0.075  

EN175 Bremer River 0.99 0.944  

EN206 Cabool River 0.061 0.0587  

EN226 Cab TrCrk 0.059 0.0525 0.0021 

 

8. Method Capability & Application Notes:  

Enabling Cadmium Reduction 

 

The Cd Module can be switched on and off via the Configuration screen ( [F8], [F8], [F1] 

from the Main Menu]. The software must be exited and restarted for the selection to be 

applied.  
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Once the Cadmium Module is enabled it becomes possible to select the cadmium 

reduction process in the Test Flow, as illustrated at right. Setting this to ‘Yes’ enables the 

process for all samples, calibrators and controls on the method. The Instrument begins 

the Test Flow section after the Cadmium Reduction process is performed on the sample.  

 
 

Principle of Operation of the Cd Module  

The cadmium reduction process on the Aquakem operates in groups of 12 where 

requests are available to make most effective use of the cuvette size. The general 

process below is followed;  

1.   Pre-buffering of sample; Aspirate a sample volume according to the Dilution Ratio set 

in the Test Definition, anddispense to the KUSTI segment in position #1, following up with 

the appropriate volume of buffer.  

2.   Repeat Step 1 twelve times, dispensing to the remaining odd-numbered KUSTI Segment 

positions  

3.   Send KUSTI segment to main dispensing arm for fluid mixing.  

4.   For sample 1, aspirate 200μL onto the column according to the Column Offset 

setting, thenoscillatethesample on the column for a period of 30 seconds  

5.   For sample 1 (post reduction), discard the leading edge of sample then dispense 

back to the adjacent KUSTI Segment position (ie from position #1 to #2; [….] #11 to 

#12, etc), following with a small volume of buffer tosweep out trailing diffusion  

6.   Repeat Steps 4 and 5 for the remaining samples  

7.   Send the group of reduced samples to the main dispensing arm for a second 

mixing operation  

8.   Dispense reduced samples to cuvette positions according to the main Test Flow.  

 

Dilution Ratio 1 + X  

The Cadmium Module uses the Dilution Ratio field in the Test Definition section for the 

Sample : Buffer ratio. The instrument calculates the required volumes of each against a 

fixed total volume. If the field is set 1+1 the instrument will dispense equal volumes of 

sample and buffer to the KUSTI segment (eg200+200). Similarly, if the Dilution Ratio is set to 

1+9 the instrument will dispense appropriately (e.g. 40 + 360).  

Dilution ratios should be in whole numbers between 1+1 and 1+19.  

The Dilution Ratio field is used solely to control the Sample : Buffer ratio in Cd reduction. 
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As a consequence of this Labmedics recommends calibration using separate standards 

rather than series calibration, and retesting via reflex rather than automatic dilution.  

NB - The ability to control the buffer ratio can be used for the analysis of difficult sample 

matrices, limiting the sample volume and applying a greater dilution with buffer will 

protect the column from degradation.  

 

KUSTI Segments  

The Cadmium module uses 92 position KUSTI segments for the temporary storage of 

samples during bre-buffering and reduction. During the test process the instrument 

assigns ‘Discarded’ flags to segment positions that have been used.  

When the KUSTI segment is full and tests are complete it can be removed from the 

instrument and replaced with a fresh 92 position segment. Note: Pressing the ‘Remove all 

Samples’ button while the segment is off the instrument clears the ‘Discarded’ tags on the 

segment.  

The instrument gives three warnings as the unused KUSTI Segment positions on the 

instrument are filled up.  

 

Setting the Column Offset  

The Cd Module stores an instrument adjustment value for the mid point of the sample 

oscillation during the reduction process. The proper setting of this offset is critical to 

ensuring quantitative reduction and repeatable results. If theoffset value is too high, air 

can be drawn into the column. If the offset is too low, insufficient sample is exposed to 

the cadmium metal to give quantitative reduction.  

 

The offset is counted in number of microlitres (approximate) from the probe tip. The 

actual optimum offset is a function of total volume between the tip of the probe and 

the cadmium granules in the column. The offset should be checked whenever the 

column is changed, or whenever the probe or tubing is replaced. The length and 

internal diameter of the tubing affects the offset. Similarly, the amount of packing 

material in the column can have a  

significant effect on the offset; it should be kept to a minimum.  

 

To set the offset:  

1.   Enter the Adjustment Program [F8, F2, F8, F5 from the Main Menu]  
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2.   Select Option 2: Cadmium Unit, then Option 2: Column Offset  

3.   Record the current offset for reference purposes  

4.   Press ‘I’ to initialize the cadmium module; this will set the offset to ‘0’ at the probe tip.  

5.   Press S to move the fluid column one step (2 units) or Shift-S for ten steps (20 units) 

towards the column.  

6.   Once the offset is near the right region, do fine adjustment using the A or S keys. For 

the default tubing  

 arrangement the ideal offset is in the region 200-240.  

7.   Select ‘N’, Next, to exit, then ‘Y’, Yes, to save, and then ‘Q’ to quit.  

8.  Check the adjustment when running the module live. The fluid boundary should just 

disappear into the columnduring the oscillation reduction process.  

 

Modifying the Cd Buffer Bottle Volume  

The instrument keeps approximate track of buffer usage and gives warning prompts 

when the remaining volume should be checked (yellow and then red warning 

messages). The default instrument setting is for a 400mL buffer bottle volume, but this 

can be customised to suit individual practice.  

The relevant settings are available in c:\konelab\instrument\device\cadmium.ini.  

Nh4ClContainerVolume = XXX -The volume of the buffer bottle (mL) 

Nh4ClAlarmVolume = YYY - Yellow reminder flag is displayed (mL 

remaining) 

Setting the container volume to 50mL less than the actual bottle size (eg 950 for a 1000mL 

bottle) will help ensure that the cadmium module will not start tests without sufficient 

buffer, and will not draw air across the column.  

Note: Red and Yellow Cd Buffer volume notifications can be cleared by the ‘Add Cd 

Buffer’ option in the ReagentsMenu.  

 

Cadmium Column Efficiency Check  

(A requirement for Good Laboratory Practice)  

A nitrite and nitrate standard of the same concentration (in N mg/L) should be read as 

unknowns or as Manual QCs immediately after calibration. The ratio of the two results is 

the column efficiency, as per the equation below.  

Calculation: column efficiency (%)=
[𝑁𝑂3 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 �𝑚𝑔

𝐿 �]

[𝑁𝑂2 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 �𝑚𝑔
𝐿 �]

 



References 

 

128  

 

Renew or regenerate the cadmium column when the efficiency falls below 90%.  

Issue for Software Upgrades:  

Software upgrades or reinstallation of v7.01AQ1 or previous versions cause the default 

settings for the Cadmium Module to be reapplied. These default settings to not allow 

the instrument to perform a leading edge discard on the reduced sample, and as a 

consequence the Column Offset may be difficult to set or the reduction efficiency 

may bias low.  

The relevant settings to be changed after software reinstallation or upgrade are found 

in c:\konelab\instrument\device\cadmium.ini.  

 

RawSampleVol = 200  

AmmoniumVol = 50  

SampleToCup = 150 (Default = 200) 
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Sulphate  

 

 

 

Sulphate in Waters 

 
1. Principle of Method: 

The sulphate ion reacts with barium chloride in an acidic medium, forming a barium 

sulphate suspension. The suspension remains in solution and is further stabilised by the 

presence of gelatin. The light absorbance of the barium sulphate suspension is measured 

at 420nm and the concentration determined by comparison against a standard curve.  

BaCl2 + 2 SO42- → BaSO4+ 2 Cl- 

 

2. References: 

A. SMWW / APHA Standard Method 4500 - SO42- - E. 

B. EPA Method 375.4 

 

3. Performance Characteristics of Method 

Substance determined:   Soluble Sulphate, SO42- 

Type of sample:   Surface, ground and waste waters 

Equipment:    Aquakem models 200, 250, 600 

Sample Handling:   No special requirements 

Sample Preparation:    No special requirements 

 

4. Interference  

Colour and turbidity of the sample interfere directly by light scattering, but this is 

Method I.D SO4-W-A-A 

Issue Number 02 

Author/Owner M.Gotthard 

Date 18-Dec-06 
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compensated for in routine methods by blanking on the sample. Large amounts of organic 

material may interfere with the formation of the suspension, and silica greater than 

500mg/L will interfere.  

 

5. Safety, Waste Management, and QC:  

Please see ‘Aquakem General Technical Comments’ located before the application notes 

in the ‘User Guide’.  

6. Reagent Preparation / Working Solutions 

6.1 Barium Chloride Reagent - SULPHATE 

Dissolve 10.0g barium chloride[BaCl2], 10g sodium chloride [NaCl ] and 0.25g gelatin in 

300mL distilled water - This may require prolonged stirring to dissolve. Once the gelatin is 

dissolved, carefully add 5mL concentrated HCl (37% ; 12M) and dilute to 1000mL. This 

solution is stable for at least 1 month.  

6.2  Sulphate Stock Standard - 1000mg/L SO42- 

Dissolve 1.4788g dried sodium sulphate (Na2SO4) in 1000ml of distilled water. Stored 

between 2 - 8 C in plastic this solution is stable for      

6.3  Working Standards - 250mg/L and 50mg/L 

For a 250mg/L standard, dilute 25mL of Stock standard [6.2] to 100mL with distilled water  

For a 50mg/L standard, dilute 10mL of Stock standard [6.2] to 200mL with distilled water.  

6.4  50mg/LSulphate Seed - SO4 SEED  

Take 20mL of the 50mg/L working standard [6.3] and place on the instrument as the seed 

reagent.  

 

7. Method performance data 
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Sample ID Result 

(Calibration range 0.1-50mg/L) 

Tap Water 37.234 

Tap Water 37.106 

Tap Water 37.297 

Tap Water 37.641 

Tap Water 37.545 

Tap Water 37.669 

Tap Water 37.379 

Tap Water 37.109 

Tap Water 37.247 

Tap Water 37.244 

Tap Water 37.288 

Tap Water 37.262 

Tap Water 37.201 

Tap Water 37.596 

Tap Water 37.334 

Tap Water 37.099 

Tap Water 37.209 

Tap Water 37.471 

Tap Water 37.569 

Tap Water 37.570 
------------------------------------------
- 

n= 20 

Average: 37.35 
                     Std. Deviation: 0.188 

Notes: 

Validation samples are run using calibrations of 

Series standards (ie instrument auto-dilution) on 

the routine Low Range method. 

Although Labmedics publishes method 

performance data, including MDL, precision, 

accuracy and carryover studies, we cannot 

guarantee that each laboratory will be capable 

of meeting such performance. Indivdual 

laboratory and instrument conditions, as well  

as laboratory technique play a major role in 

determining method performance. The support 

data serves as a guide to the potential  

method performance. Some labs may not be 

able to reach this level of performance for 

various reasons, while other labs may exceed it. 

Statistics: 

The Method Detection Limit (MDL) is 2.86 x S.D. 

(99% C.I. for n=20) % Spike Recoveries are 

corrected for volume changes. 

Accuracy calculated as Average Recovery ± 2 

S.D. (~95% C.I.) 

8. Method Capability & Application Notes:  

Extension of Range  

The analytical range may be extended by varying the sample volume. The upper limit of 

a direct analysis is estimated to be approximately 2500mg/L for a 2μL sample volume. 

The effective analytical range is further extendable using the instrument autodilution 

function for occasional over-range samples (up to 1:120, or an absolute upper limit of 

300,000mg/L SO4.  

 

Addition of seed:  
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Reference methods suggest the addition of a seed amount of SO4 for the analysis of 

samples containing less than 10 mg/L SO4. This seed promotes the formation of a 

uniform and reproducible suspension. In thelow range method this seed is included to 

add approximately 5mg/L SO4 to all samples and standards. One effect of this seed is 

that the intercept of the calibration curve will always be higher than zero.  

 

Additional Mixing before reading:  

The stability of the barium sulphate suspension decreases as the concentration of 

sulphate in the sample increases: The precipitation becomes more rapid as the mean 

crystal size increases. In extreme cases of extremely over range samples, the precipitate 

overcomes the ability of the gelatine to retain it insuspension: False low readings may 

be generated. The additional mix at the end of the incubation period serves to re-

homogenise the suspension, improving the linearity of the calibration and avoiding a 

falsely low result for over-range samples.  

 

Compensation for Interferences:  

The sulphate methods generally include a blanking step that compensates for colour 

and turbidity of thesample.  

 

A True Sample Blank method may be useful for complex samples where it is suspected 

that an  

Interference may be occurring with some material in the sample. The substitute colour 

reagent should be made up as per the normal reagent [6.1], but omitting the addition 

of barium chloride.  

 

Pre-treatment with activated carbon or charcoal may assist in removing interferences 

from organic material, such as humic acid in soil extracts (as per Blakemore, Searle & Daly, 

“Methods for Chemical Analysis of Soils”, 1987).  
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Appendix B: Profile of COD and Ammonia versus time in a basicMEC 

 

1-Oct-

2009 

time  DOC COD Ammonia- Anode  Ammonia-Cathode 

0 203 541 10.56 N/A 

1 195 520 9.72 N/A 

3 190 507 9.435 N/A 

5 187.5 500 9.54 N/A 

6 179 477 9.33 N/A 

24 66 176 5.08 N/A 

48 21 56 5.085 N/A 

 

21-Oct-

2009 

time  DOC COD Ammonia -Anode Ammonia-Cathode 

0 166 443 10.26 2.865 

2 158 421 9.945 3.495 

14 107.5 287 8.1 4.38 

24 74.5 199 7.965 4.665 

42 29.5 79 7.29 5.1 

 

23-Oct-

2009 

time  DOC COD Ammonia -Anode Ammonia-Cathode 

0 148.5 396 11.145 3.405 

15.34 110.5 295 7.86 4.38 

18.25 95.1 254 7.635 4.485 

39 32 85 6.84 4.515 

43 29.05 77 6.825 4.32 
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Appendix C: Profile of nitrate and COD removal in MEC 

Appendix C-1: Detailed data in absence of denitrifying MO in cathode 

Run-1 

    time NH3-Anode NH3-Cathod NO3-Cathode COD 

0 56 2.76 22.4 475.3 

2 55 2.84 20 432.5 

4.5 51 2.48 21 382 

6.5 52 2.32 21.1 343.5 

8.5 49 2.48 21.3 283 

     Run-2 

    time NH3-Anode NH3-Cathod NO3-Cathode COD 

0 52.5 2.16 17.5 N/A 

2.5 51.5 1.88 18.5 N/A 

4 52 1.64 19 N/A 

6.75 49.5 1.56 18.5 N/A 

8 50 1.5 18 N/A 

Run-3 

    time NH3-Anode NH3-Cathod NO3-Cathode COD 

0 57.14 2 15 500 

2.5 54.28 1.78 14.9 450 

4.5 55 1.57 16 405 

6 51.5 1.5 15.8 317 

7.5 50 1.52 15.8 264 
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Appendix C-2: Detailed data in presence of denitrifying MO in cathode 

Run-4 

  

 

 time NH3-Anode NH3-Cathod NO3-Cathode COD 

0 52.6 8.7 8.8 485 

2 50.21 9.1 6.2 432.5 

5 45.5 9.7 4.3 363.5 

6 44.8 9.9 2 350.2 

8.5 43.5 10.3 0.8 298.4 

     Run-5 

    time NH3-Anode NH3-Cathod NO3-Cathode COD 

0 63.65 9.75 10.15 382.5 

2 58.25 8.9 9.2 326.2 

3.5 59.15 9.6 6.4 301.2 

6 62.2 9.95 3.6 194.3 

8.75 59.6 10.65 1.2 98.5 

     Run-6 

    time NH3-Anode NH3-Cathod NO3-Cathode COD 

0 53 8.2 18.82 373.6 

2.5 52 8.4 14.9 342.5 

5.67 51.5 9.2 9.9 204.5 

8.25 48.3 9.5 1 102.5 

     Run-7 11.6.2010 

   time NH3-Anode NH3-Cathod NO3-Cathode COD 

0 52.55 8.55 17.95 362.5 

1.83 52.25 9.65 13.45 312.5 

6.17 50.35 9.85 7.2 175 

8.67 44.3 10.3 4 87.5 
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Appendix D:Expediting COD removal in microbial electrolysis cells by increasing biomass 

concentration 

Appendix D-1: COD removal in time cycle of 20 hours  

Reactor 1 

time Ammonia in Anode Ammonia in cathode DOC COD sum of N-inlet 

0 33.75 0.85 233.50 622.67 34.60 

mid 27.9 2 187.50 500.00 29.90 

end 26.3 6.05 154.00 410.67 32.35 

Reactor 2 

time Ammonia in Anode Ammonia in cathode DOC COD sum of N-inlet 

0 39.2 0.85 304.00 810.67 40.05 

mid 32.6 3.35 233.50 622.67 35.95 

end 31.15 5.05 210.00 560.00 36.20 

Reactor 3 

time Ammonia in Anode Ammonia in cathode DOC COD sum of N-inlet 

0 39.75 0.75 312.50 833.33 40.50 

mid 34.6 4.15 249.00 664.00 38.75 

end 34.05 5.6 215.50 574.67 39.65 

 

 

 

Appendix D-2: COD removal in time cycle of 18 hours  
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Reactor 1 

time Ammonia in Anode Ammonia in cathod DOC COD sum of N-inlet 

0 48.1 0.75 237.00 632.00 48.85 

end 44.1 4.8 76.00 202.67 48.90 

Reactor 2 

time Ammonia in Anode Ammonia in cathod DOC COD sum of N-inlet 

0 53.5 1.8 111.00 296.00 55.30 

end 48.95 9.05 68.00 181.33 58.00 

Reactor 3 

time Ammonia in Anode Ammonia in cathod DOC COD sum of N-inlet 

0 44.35 3.15 111.00 296.00 47.50 

end 28.85 10.25 76.00 202.67 39.10 
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Appendix D-3: COD removal in time cycle of 8 hours  

Reactor 1 - 09.06.2010 

time Ammonia in Anode Ammonia in cathode DOC COD sum of N-inlet 

0 51.6 0.9 268.00 714.67 52.50 

2 44.35 1.05 212.50 566.67 45.40 

5.83 41.8 1.8 178.50 476.00 43.60 

8.33 39.05 2.5 142.00 378.67 41.55 

Reactor 1 - 12.06.2010 

0 43.85 1.2 227.40 606.33 45.05 

8.1 36.15 3.6 104.00 277.33 39.75 

Reactor 2 - 09.06.2010 

time Ammonia in Anode Ammonia in cathode DOC COD sum of N-inlet 

0 51.15 2 270.00 720.00 53.15 

2 45.5 3.95 245.50 654.67 49.45 

5.83 43.3 7.7 225.50 601.33 51.00 

8.4 41 7.8 192.00 512.00 48.80 

Reactor 2 - 12.06.2010 

0 50.2 1.8 217.5 580 52.00 

8.0 42.1 7.3 108.5 288.53 49.40 

Reactor 3 - 09.06.2010 

time Ammonia in Anode Ammonia in cathode DOC COD sum of N-inlet 

0 55.45 2.2 272.00 725.33 57.65 

2 54.3 3.55 254.00 677.33 57.85 

5.83 49.85 6.7 226.50 604.00 56.55 

8.4 46.35 7.1 197.50 526.67 53.45 

Reactor 3 - 12.06.2010 

0 50.45 2.35 208.75 556.66 52.8 

8.2 43.2 8.35 133.00 354.67 51.55 
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Appendix E: Application of air cathode experiment 

Appendix E-1: DOC results based on SO4 = 39 ppm 

Date 
DOC- ppm DOC Removal- 

R-A 

DOC Removal- R-

B R-A, in R-A,out R-B,in R-B,out 

1/12/2010 253.5 217.17 274.5 241.666 14.33 11.96 

2/12/2010 264.83 233 276.83 242.5 12.02 12.40 

6/12/2010 ---- ---- ---- ---- ---- ---- 

7/12/2010 ---- ---- ---- ---- ---- ---- 

8/12/2010 277 76.17 283.83 233.33 72.50 17.79 

9/12/2010 360.33 178 303.83 306 50.60 13.60 

10/12/2010 340 176.5 350 299.5 48.09 14.43 

11/12/2010 337.5 197 352.5 297.5 41.63 15.60 

12/12/2010 359 166.5 366.5 289.5 53.62 21.01 

13/12/2010 350.00 191 360 277 45.43 23.06 

14/12/2010 342.5 98 347 275.5 71.39 20.61 

16/12/2010 346.25 123 353.5 212 64.48 40.30 

17/12/2010 344.375 172.5 350.25 194 49.91 44.61 

18/12/2010 345.3125 161.15 351.875 245.65 53.33 30.19 

19/12/2010 344.8438 222 351.0625 269 35.62 23.38 

20/12/2010 313.15 157.15 310.85 251.35 49.82 19.14 

21/12/2010 304.5 224.5 309.5 249 26.27 19.55 

22/12/2010 292.5 154.33 287.5 231.5 47.24 19.48 
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Appendix E-2: Ammonia and Nitrate results based on SO4 = 39 ppm 

Date 
Ammonia- ppm Nitrate- ppm 

R-A, in R-A,out R-B,in R-B,out R-A, in R-A,out R-B,in R-B,out 

1/12/2010 64.5 74.6 99.65 79.4 3.2 3.15 3.05 3.05 

2/12/2010 --- --- --- --- 3.25 3.2 3.25 3.2 

6/12/2010 73 93.55 74.8 79.1 4.25 4.5 4.25 4.5 

7/12/2010 77.8 80.35 82 78.45 4.45 4.95 4.3 4.9 

8/12/2010 78.1 61.95 79.8 69.25 4.95 5.2 4.9 5.05 

9/12/2010 76.9 61.95 77.8 72.75 4.35 4.45 4.3 4.25 

10/12/2010 --- --- --- --- 0 2.15 0 3.6 

11/12/2010 89.2 79.45 91.3 88.85 3.7 2.85 3.65 3.55 

12/12/2010 92.25 79.2 94.8 91.3 3.65 2.9 3.05 2.55 

13/12/2010 --- --- --- --- --- 2.3 --- 2.2 

14/12/2010 73 52 72.7 72.15 2.3 2.3 2.4 2.35 

16/12/2010 56.4 44.6 57.15 52.75 2.85 3.05 2.8 2.75 

17/12/2010 57.2 51.2 57.85 53.7 2.8 2.85 2.85 2.7 

18/12/2010 69.75 69.3 70.55 70.2 2.9 3.8 2.8 3.7 

19/12/2010 68.6 71.75 73.45 77.15 2.8 3.7 2.85 3.85 

20/12/2010 78.7 65.35 78.35 74 3.7 3.8 3.8 3.85 

21/12/2010 75.25 68.8 74.85 69.75 2.55 2.5 2.6 2.5 

22/12/2010 77.4 63.95 71.1 68.4 3.1 3.4 3.15 3.2 
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Appendix E-3: sulphate results based on initial concentration of SO4 = 39 ppm 

Date 
Sulphate- ppm Sulphate 

Reduction- R-A 

Sulphate 

Reduction- R-B R-A, in R-A,out R-B,in R-B,out 

1/12/2010 236.74 236.03 220.869 237.24 0.30 -7.41 

2/12/2010 231.1 225.45 236.27 234.2 2.44 0.88 

6/12/2010 1192.2 888.32 1242.73 1044.12  ---  --- 

7/12/2010 1308.79 1209.4 1287.32 1269.43  ---  --- 

8/12/2010 43.68 139.18 41.51 118.07 -218.64 -184.44 

9/12/2010 49.47 70.34 44.5 74.24 -42.19 -66.83 

10/12/2010 0 122.31 0 63.11  ---  --- 

11/12/2010 48.77 109.06 49.15 56.78 -123.62 -15.52 

12/12/2010 44.75 64.39 45.45 57.87 -43.89 -27.33 

13/12/2010  --- 51.1  --- 47.98  ---  --- 

14/12/2010 43.57 43.47 71.38686 0.229516 0.23 99.68 

16/12/2010 41.15 39.63 37.44 36.73 3.69 1.90 

17/12/2010 37.61 35.97 37.59 37.49 4.36 0.27 

18/12/2010 39.25 37.23 43.25 38.76 5.15 10.38 

19/12/2010 43.58 41.39 43.58 38.21 5.03 12.32 

20/12/2010 41.36 39.76 44.36 41.92 3.87 5.50 

21/12/2010 40.59 37.33 40.59 37.26 8.03 8.20 

22/12/2010 41.26 38.8 43.12 39.65 5.96 8.05 
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Appendix E-4: DOC results based on SO4 = 390 ppm 

Date 
DOC- ppm DOC Removal- 

R-A 

DOC Removal- R-

B R-A, in R-A,out R-B,in R-B,out 

1/01/2011 327.83 179.67 335.67 217.83 45.19 35.11 

4/01/2011 327.3 181.33 360.67 240.5 44.60 33.32 

7/01/2011 334.83 180.83 330 249 45.99 24.55 

10/01/2011 294.5 95.5 359.17 235.83 67.57 34.34 

12/01/2011 340 120.5 349.5 318.5 64.56 34.02 

14/01/2011 287.17 129.83 309.5 202.17 54.79 34.68 

16/01/2011 337.5 131.5 356 236 61.04 33.71 

18/01/2011 361 161 356 212 55.40 38.25 

19/01/2011 279.5 129.7 356 232.5 53.60 34.69 

20/01/2011 295 72.7 301.5 192 75.36 36.32 

22/01/2011 285.17 116 294.83 184.33 59.32 37.48 

24/01/2011 310 121 268.5 206 60.97 23.28 

27/01/2011 300 114.5 305 206 61.83 32.46 

31/01/2011 284.83 221.83 296 224 22.12 24.32 
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Appendix E-5: Ammonia and Nitrate results based on SO4 = 390 ppm 

Date 
Ammonia- ppm Nitrate- ppm 

R-A, in R-A,out R-B,in R-B,out R-A, in R-A,out R-B,in R-B,out 

1/01/2011 82.9 72.9 83.8 76.2 2.9 2.7 2.65 2.4 

4/01/2011 84.85 77 83.55 80.15 1.4 0 1.5 1.55 

7/01/2011 86.85 78.55 81.75 78.4 1.6 1.35 1.35 1.25 

10/01/2011 86.55 74 86.35 83.55 1.4 1.3 1.4 1.05 

12/01/2011 83.95 68.9 83.9 82.45 2.1 2 2.1 2.1 

14/01/2011 68.8 60.15 73.65 67.2 3.8 3.45 3.7 3.3 

16/01/2011 82.25 68.9 85.8 83.75 2.45 2.3 2.5 2.2 

18/01/2011 85.15 74.95 83.05 81.7 2.25 2.05 2.2 1.75 

19/01/2011 67.6 69.75 69.25 81.45 1.45 1.35 1.15 1.25 

20/01/2011 70.55 67.7 72.35 84.8 1.2 0.85 1.2 0.75 

22/01/2011 64.55 51.45 66.4 54.3 0.8 0.6 0.85 0.5 

24/01/2011 71.4 61.2 69.65 63.6 0.75 0.6 0.85 0.5 

27/01/2011 72.45 62.6 72.35 68.7 1.4 1.4 15 1.2 

31/01/2011 71.35 72.9 72.5 74.15 0.35 0.35 0.35 0.35 
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Appendix E-6: sulphate results based on initial concentration of SO4 = 390 ppm 

Date 
Sulphate- ppm Sulphate 

Reduction- R-A 

Sulphate 

Reduction- R-B R-A, in R-A,out R-B,in R-B,out 

1/01/2011 487.25 426.4 472 382.45 9.54 18.97 

4/01/2011 467 440.8 454.9 355.8 5.61 21.79 

7/01/2011 491.4 465.25 440 390.45 5.32 6.26 

10/01/2011 497.25 487.6 483.5 387.1 1.94 19.94 

12/01/2011 487.65 469.05 497.15 419.85 3.81 15.55 

14/01/2011 388.45 375.55 421.6 329 3.32 21.96 

16/01/2011 1178.9 1020.9 1232.65 1006.85 3.30 18.32 

18/01/2011 510.75 492.5 500.6 467.55 3.57 17.50 

19/01/2011 407.65 453.15 416.7 393.3 -11.16 5.62 

20/01/2011 412.15 452 415.1 405.8 -9.67 2.24 

22/01/2011 412.45 347.65 429.35 366.8 15.71 14.57 

24/01/2011 447.9 458.8 446.75 392.1 -2.43 12.23 

27/01/2011 474.35 472.8 478.1 427.7 0.33 10.54 

31/01/2011 497.45 372.95 497.25 371.5 25.03 25.29 
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Appendix F: optimising temperature in acetate fed MEC 

Appendix F-1: Result data in 25°C 

Date:  14 Nov 2011 , 25°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:25 0.00 191.00 509.33 0.00 0.84 2.23 

11:30 3.08 188.67 503.12 2.33 6.65 17.73 

16:35 8.17 155.83 415.55 35.17 7.40 19.73 

Date:   16 Nov 2011, 30°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:10 0.00 183.00 488.00 0.00 2.53 6.75 

11:50 3.67 159.00 424.00 24.00 5.68 15.15 

16:35 8.42 131.33 350.21 51.67 4.84 12.89 

Date:  25 Nov 2011 , 25°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:00 0 185.33 494.21 0.00 ---  0.00 

15:55 7.92 125.67 335.12 59.66  ---  0.00 

 

Date:  29 Nov 2011 , 25°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD Ammonia-N 

8:20 0 181.50 484.00 0.00  ---  0.00 0.80 

11:50 3.50 166.00 442.67 15.50  ---  0.00 3.10 

16:25 8.08 125.50 334.67 56.00  ---  0.00 4.75 

 

 

Date:  30 Nov 2011 , 25°C 
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Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD Ammonia-N 

8:35 0 187.50 500.00 0.00 3.54 9.44 1.00 

13:55 5.33 163.83 436.88 23.67 1.07 2.85 4.30 

16:40 8.08 134.33 358.21 53.17 1.04 2.77 7.25 

 

  
25°C 

Date VSS (g/l) 

14/11/2011 4.15 

2/12/2011 2.80 
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Appendix F-2: Result data in 29°C 

Date:  14 Nov 2011 ,29°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:25 0 201.83 538.21 0.00 0.84 2.23 

11:30 3.08 189.30 504.80 12.53 6.65 17.73 

16:25 8.00 132.80 354.13 69.03 5.71 15.23 

Date:  16 Nov 2011 , 29°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:20 0 207.50 553.33 0.00 1.14 3.04 

11:45 3.42 163.50 436.00 44.00 6.23 16.61 

16:30 8.17 129.83 346.21 77.67 5.54 14.77 

Date:  25 Nov 2011 , 29°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:10 0 208.83 556.88 0.00   0.00 

  -8.17   0.00 208.83   0.00 

16:10 8.00 129.00 344.00 79.83   0.00 

Date:  29 Nov 2011 , 29°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:15 0 193.50 516.00 0.00   0.00 

12:25 4.17 151.50 404.00 42.00   0.00 

16:30 8.25 122.50 326.67 71.00   0.00 
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Date:  30 Nov, 2011 , 29°C 

Time  
interval - 

hr 

Anode Cathode 

DOC COD DOC removal DOC COD 

8:50 0 223.67 596.45 0.00 2.96 7.89 

14:05 5.25 190.67 508.45 33.00 1.78 4.75 

16:50 8.00 150.00 400.00 73.67 0.61 1.62 

 

29°C 

Date VSS (g/l) 

9/11/2011 4.8 

2/12/2012 3.01 
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Appendix F-3: Result at 30°C 

Date:  6 Dec 2011 ,30°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD Ammonia-N 

8:55 0 231.50 617.33 69.10 0.00  --- 0.00 3.45 

12:10 3.25 178.67 476.45 66.30 52.83  ---  0.00 8.15 

16:40 7.75 133.00 354.67 61.75 98.50  ---  0.00 9.20 

Date:  7 Dec 2011 ,30°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD Ammonia-N 

8:55 0 245.30 654.13 71.20 0.00  ---  0.00 2.10 

16:55 8.00 148.67 396.45 59.05 96.63  ---  0.00 10.00 

Date:  9 Dec 2011 ,30°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD Ammonia-N 

8:15 0 203.50 542.67 64.30 0.00 3.40 9.07 1.25 

16:10 7.92 97.50 260.00 54.45 106.00 2.46 6.56 9.60 

Date:   12 Dec 2011 ,30°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD 

Ammonia-

N 

8:35 0 232.40 619.73   --- 0.00 4.62 12.32  ---  

11:30 2.92 176.17 469.79  ---  56.23 4.34 11.57  ---  

16:40 8.08 125.70 335.20  ---  106.70 5.70 15.20  ---  
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Date:   13 Dec 2011 ,30°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD 

Ammonia-

N 

8:40 0 210.00 560.00 56.30 0.00   --- 0.00 7.80 

12:35 3.92 149.83 399.55 49.80 60.17   --- 0.00 10.35 

16:35 7.92 112.00 298.67 47.65 98.00   --- 0.00 11.25 

Date:   14 Dec 2011 ,30°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
DOC COD 

Ammonia-

N 

8:45 0 215.00 573.33 62.90 0.00 5.98 15.95 4.55 

  -8.75   0.00   215.00   0.00   

16:45 8.00 112.50 300.00 52.25 102.50 3.88 10.35 11.35 
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Date:   19 Dec 2011 ,30°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD Ammonia-N 

9:00 0 231.00 616.00 61.70 0.00 6.93 18.48 3.55 

16:45 7.75 132.16 352.43 52.90 98.84 5.05 13.47 8.55 

 

30°C 

Date VSS (g/l) 

3/12/2011 2.93 

20/12/2011 2.76 
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Appendix F-4: Result data in 31°C 

Date:  6 Dec 2011 ,31°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD Ammonia-N 

8:45 0 218.20 581.87 67.20 0.00  --- 0.00 2.30 

12:00 3.25 171.33 456.88 64.30 46.87 ---  0.00 5.60 

16:30 7.75 113.67 303.12 59.25 104.53 ---  0.00 6.70 

Date:  7 Dec 2011 ,31°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD Ammonia-N 

8:45 0 198.20 528.53 65.30 0.00 ---  0.00 2.65 

16:45 8.00 81.33 216.88 52.10 116.87 ---  0.00 7.90 

Date:  9 Dec 2011 ,31°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD 

Ammonia-

N 

7:55 0 191.50 510.67 58.35 0.00 4.22 11.25 1.95 

16:00 8.08 74.17 197.79 49.40 117.33 3.42 9.12 7.25 

Date:   12 Dec 2011 ,31°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD 

Ammonia-

N 

8:15 0 217.60 580.27  --- 0.00 4.58 12.21 ---  

11:20 3.08 160.67 428.45  --- 56.93 3.59 9.57 ---  

16:25 8.17 111.28 296.75 ---  106.32 4.07 10.85 ---  
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Date:  13  Dec 2011 ,31°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD Ammonia-N 

8:15 0 197.50 526.67  --- 0.00 7.55 20.13 ---  

12:35 4.33 118.00 314.67  --- 79.50 11.50 30.67 ---  

16:25 8.17 85.50 228.00 ---  112.00 7.72 20.59 ---  

Date:   14 Dec 2011 ,31°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD 

Ammonia-

N 

8:30 0 217.30 579.47 56.80 0.00 5.40 14.40 9.50 

16:30 8.00 112.33 299.55 49.90 104.97 3.43 9.15 11.80 

Date:   19 Dec 2011 ,31°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
DOC COD 

Ammonia-

N 

8:45 0 210.20 560.53 54.60 0.00 6.18 16.48 0.95 

12:15 3.50 182.30 486.13 ---  27.90   0.00  --- 

16:35 7.83 112.30 299.47 48.30 97.90 5.33 14.21 5.50 

 

31°C 

Date VSS (g/l) 

3/12/2011 2.73 

20/12/2011 2.32 
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Appendix F-5: Result data in 35°C 

Date: 10 Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD Ammonia-N 

8:35 0 152.00 405.33 42.15 0.00 68.35 4.45 

12:10 3.58 122.00 325.33 42.40 30.00 65.41 5.20 

16:35 8.00 75.50 201.33 37.70 76.50 66.13 7.50 

Date:  11 Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD Ammonia-N 

8:45 0 159.00 424.00 39.35 0.00 67.52 9.85 

12:00 3.25 145.00 386.67 40.15 14.00 63.65 10.65 

16:45 8.00 86.50 230.67 37.25 72.50 62.53 10.95 

Date:  12 Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD Ammonia-N 

8:55 0 152.00 405.33 45.30 0.00 26.61 2.40 

17:00 8.08 84.50 225.33 39.95 67.50 25.15 6.60 

Date:   16 Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD Ammonia-N 

9:10 0 179.50 478.67 46.30 0.00 25.20 3.05 

17:10 8.00 118.30 315.47 41.50 61.20 22.80 6.45 
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Date:  17  Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD 

Ammonia-

N 

8:40 0 164.70 439.20 45.55 0.00 13.92 10.30 

17:45 9.08 102.80 274.13 42.90 61.90 12.61 12.20 

Date:  19 Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD 

Ammonia-

N 

8:25 0 171.67 457.79 45.65 0.00 0.00 15.50 

11:40 3.25 151.17 403.12 44.30 20.50 0.00 15.95 

16:20 7.92 131.17 349.79 42.00 40.50 0.00 15.90 

Date:   23 Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD 

Ammonia-

N 

9:00 0 136.00 362.67 41.00 0.00 0.00 5.90 

11:45 2.75 125.00 333.33 40.25 11.00 0.00 6.55 

17:00 8.00 85.00 226.67 37.15 51.00 0.00 8.10 

Date:  25 Jan 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD 
Ammonia-

N 

DOC 

removal 
COD 

Ammonia-

N 

8:50 0 200.00 533.33 47.70 0.00 0.00 12.15 

12:15 3.42 179.50 478.67 47.65 20.50 0.00 13.60 

16:50 8.00 142.50 380.00 44.30 57.50 0.00 14.55 

 

 

 

Date:  30 Jan 2012 ,35°C 
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Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
COD Ammonia-N 

8:40 0 101.17 269.79   0.00 0.00   

16:40 8.00 55.17 147.12   46.00 0.00   

Date: 7 Feb 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
COD Ammonia-N 

8:45 0 167.60 446.93 38.20 0.00 0.00 6.60 

12:00 3.25 160.30 427.47 37.35 7.30 0.00 7.20 

16:45 8.00 133.50 356.00 34.55 34.10 0.00 9.15 

Date: 8 Feb 2012 ,35°C 

Time  
interval 

- hr 

Anode Cathode 

DOC COD Ammonia-N 
DOC 

removal 
COD Ammonia-N 

8:35 0 160.12 426.99 39.00 0.00 0.00 11.00 

13:15 4.67 134.83 359.55 39.95 25.29 0.00 11.40 

17:30 8.92 119.33 318.21 40.45 40.79 0.00 11.60 

 

35°C 

Date VSS (g/l) 

6/01/2012 2.06 

10/2/2012 0.94 
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Appendix F-6: Summary of COD removal vs VSS (Volatile Suspended Solid) at 

different temperatures 

25 degree 

date 
VSS 

(g/l) 
rate/vss 

rate of COD 

removal/vss 

14/11/2011 4.15 1.04 11.47 

16/11/2011 4.00 1.53 16.36 

25/11/2011 3.33 2.27 20.10 

29/11/2011 3.03 2.29 18.47 

30/11/2011 2.95 2.23 17.54 

29 degree 

date vss (g/l) rate/vss 
rate of COD 

removal/vss 

14/11/2011 4.41 1.96 23.01 

16/11/2011 4.25 2.24 25.36 

22/11/2011 3.79 2.54 25.65 

25/11/2011 3.55 2.81 26.61 

29/11/2011 3.24 2.66 22.95 

30/11/2011 3.16 2.91 24.56 

30 Degree 

date 
VSS 

(g/l) 
rate/vss 

rate of COD 

removal/vss 

6/12/2011 2.90 4.38 33.89 

7/12/2011 2.89 4.18 32.21 

9/12/2011 2.87 4.67 35.71 

12/12/2011 2.84 4.65 35.20 

13/12/2011 2.83 4.37 33.01 

14/12/2011 2.82 4.54 34.17 

19/12/2011 2.77 4.60 34.01 

 

 

 

31 degree date VSS rate/vss rate of COD 
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(g/l) removal/vss 

6/12/2011 2.66 5.08 35.97 

7/12/2011 2.63 5.55 38.96 

9/12/2011 2.58 5.62 38.71 

12/12/2011 2.51 5.18 34.72 

13/12/2011 2.49 5.51 36.57 

14/12/2011 2.46 5.33 34.99 

19/12/2011 2.34 5.33 33.33 
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Appendix F-6: Summary of COD removal vs VSS (Volatile Suspended Solid) at 

different temperatures (Continue) 

35 degree 

date VSS(g/l) rate/vss 
rate of COD 

removal/vss 

10/01/2012 1.93 4.95 25.50 

11/01/2012 1.90 4.77 24.17 

12/01/2012 1.87 4.47 22.27 

16/01/2012 1.74 4.39 20.40 

17/01/2012 1.71 3.99 18.17 

19/01/2012 1.65 3.11 13.64 

23/01/2012 1.52 4.20 17.00 

25/01/2012 1.45 4.94 19.17 

30/01/2012 1.29 4.44 15.33 

7/02/2012 1.04 4.10 11.37 

8/02/2012 1.01 4.54 12.20 
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