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Abstract 

 

Treatment of High Strength Brewery Wastewater Using Combined Electro-Oxidation and 

Electro-Fenton Process 

Sharmin Sultana 

 

In this study, the performance of the anodic oxidation (AO) process was first evaluated for 

treating brewery wastewater using BDD/Graphite as electrodes, then Fe2+ was introduced 

into the system externally to investigate the combined effect of electro-Fenton (EF) and 

AO. The AO system showed up to 96% of COD removal with increasing current density 

yet a current density of 16 mA/cm2 was used for the rest of the analysis as increasing this 

parameter past this point improved the performance by only 5% yet consumed 51% more 

electrical energy. The EF-AO system showed a minor improvement in performance which 

prompted a hypothesis: the threshold catalytic amount of Fe2+ is already present in the 

brewery sample to initiate the Fenton reaction. Further analysis was performed to support 

this hypothesis: reactive oxygen species (ROS) and total Fe along with Fe2+ and Fe3+ 

speciation. The ROS (i.e. H2O2 and •OH) generation showed slight variations in AO and 

combined EF-AO process and iron speciation study showed significant reduction of Fe2+ 

over the electrolysis period and the available form of iron is Fe3+ which passivates easily at 

the experimental condition used, therefore, external addition of Fe2+ showed no 

improvement in performance. However, the pre-existing concentration of iron (66 µg/L) in 

brewery wastewater makes the treatment of this type of wastewater using anodic oxidation 

a dual performing system and therefore, shows satisfactory results. For this dual system, a 

set of experiments was performed to investigate removal of COD, TN, and TP at different 

pH conditions with electrolytes. From these analyses, the removal efficiencies were found 

to be 94, 86, and 100% for COD, TN, and TP respectively at a pH of 7.  
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Chapter 1 

Introduction and Research Objective 

 

1.1 Background 

 

The brewing industry typically produces a significant amount of wastewater from 

production (by-products with effluents) and non-production (washing and cooling) units. 

The process of brewing beer takes in large quantities of water and it has been reported that 

up to 70% of it is discharged as wastewater1. The main constituents of this type of 

wastewater include sugars, soluble starch, ethanol, VFAs and total suspended solids which 

mainly comes from the production unit2. The combination of production and non-

production unit produces an enormous amount of polluted water, which contain both 

chemical and microbial contaminants3. It is estimated that in the production of 1 L of beer, 

3–10 L of waste effluent is generated, depending on the production technique and specific 

water usage.  

 

Ideally, the mainstream method of brewery wastewater treatment is based on biological 

methods which have been reported to be effective in efficiently reducing COD 

concentration. Common biological methods used for  treating this type of wastewater 

include aerobic sequencing batch reactor4, cross-flow ultrafiltration membrane aerobic 

reactors5, up-flow anaerobic sludge blanket reactors (UASB)6, and anaerobic membrane 

bioreactor (AnMBR)7. Biological treatment processes are especially effective for 

wastewater treatment, but require a high-energy input (aerobic) and high maintenance 

(anaerobic) with higher retention time. Moreover, the biodegradation of microorganisms 

present in wastewater requires specific bacterial forms to achieve higher removal 

efficiencies3, 8. Therefore, to treat this type of wastewater, a method which consumes lower 

energy at a higher removal efficiency is needed.  

 

Advanced oxidation processes (AOPs) combined with electrochemical processes, together 

known as Electrochemical Advanced Oxidation Processes (EAOPs) have been reported as 

an emerging technology to remove organic pollutants from wastewater. In-situ electro-
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generated hydroxyl radicals (E°(•OH/H2O) = 2.8 V/SHE) are the fundamental aspect of 

these technologies9. For water and wastewater reclamation, EAOPs based Fenton’s reaction 

has substantially evolved over the past decade, showing effectiveness in the treatment of 

pharmaceutical caffeine10, antibiotics11, photographic processing wastewater12, textile 

industry wastewater13, winery wastewater14 and a broad swath of other categories of 

wastewater. 

 

The basis of electro-Fenton (EF) technology is the continuous electrical generation of H2O2 

at a suitable cathode surface saturated with O2 or air Eq.(1-1), alongside the addition of iron 

as a catalyst, producing hydroxyl radicals in the bulk solution via Fenton’s reaction Eq.(1-

2). In this process, Fe3+ from Fenton’s reaction can be cathodically reduced to Fe2+ with E° 

= 0.77 V/SHE15, Eq.(1-3). The incorporation of anodic oxidation (AO)/Electro-oxidation 

(EO) process with EF enhances the production of •OH radical and hence increase the 

removal efficiency significantly. Through the AO/EO process all the organics present in an 

electrolytic cell are degraded by hydroxyl radical formed as an intermediate from the 

oxidation of water to O2 at the surface of a high oxidation potential anode like SnO2, PbO2, 

or boron doped diamond (BDD)16. These ·OH radicals react with organics up to their 

full/partial mineralization without any selectivity, Eq.(1-4) (i.e., convert them into CO2, 

water, and inorganic ions11a, 17).  

 

O2 + 2H+ + 2e- → H2O2    [1-1] 

Fe2+ + H2O2 → Fe3+ + •OH + OH-   [1-2] 

Fe3+ + e- → Fe2+     [1-3] 

RH + •OH → mCO2 + nH2O + pX    [1-4] 

 

Where, R refers to organic matter and X refers to inorganic ions. 
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The rate of electro-reduction of O2 and subsequent H2O2 generation (E° = 1.763 V/SHE) 

greatly influence the production of hydroxyl radicals which are the main agent controlling 

the degradation efficiency of aqueous organic matters in the EO and EF processes18. The 

inevitable role of these two oxidizing agents (i.e. H2O2 and •OH) in these types of EAOPs 

makes it customary to study the generation rate of these species for evaluation of effective 

treatment and removal efficiency.  

 

1.2 Motivation  

 

Today, the management of environmental issues is a primary concern all over the world 

and industries are subjected to extended governmental rules and regulations. The amount 

of waste which is generated from the brewing industry must reach a standard water quality 

level before discharge to comply with environmental protection laws. The usual practice of 

wastewater discharge from a brewery has included four options: (a) directly into a river or 

ocean; (b) directly into a municipal sewer system; (c) into a river or municipal system after 

pre-treatment; and (d) into the brewery’s own waste water treatment plant2, 19. Each of these 

approaches has some limitations which have been explained in brief in the following 

section. 

 

1.2.1 Threats to Aquatic Life 

 

Direct discharge of highly concentrated wastewater into a body of water presents a great 

threat to aquatic life and, therefore, is subjected to limitations in terms of organic load, 

suspended solids, pH, temperature, and chlorine concentration. The organic contents of 

wastewater require oxygen for their degradation which is consumed from the waterbody2. 

For instance, if wastewater of high strength quality is dumped into a river, all the bacteria 

present in the river will start degrading the organic matter which requires the consumption 

of oxygen from the waterbody. It is important to mention that the rate of oxygen 

consumption for bacterial activity is faster than the physical oxygen regeneration rate from 

the air to the river, creating a situation of dissolved oxygen deficiency for the aquatic life 
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in the river. Figure 1 depicts an illustration of how industrial/brewery wastewater discharge 

affects marine life20. 

  

 

   

Figure 1 Illustration of effect of highly concentrated industrial/brewery wastewater discharge on aquatic 

lives. 

 

1.2.2 High Discharge Cost 

 

The associated cost of discharging untreated or partially treated wastewater into municipal 

sewer systems or in rivers is quite high. As mentioned earlier, most breweries discharge 

70% of incoming water as effluent; a quantitative analysis showed 4.87 m3 of water was 

used as intake per each meter cubic of beer produced whereas 3.33 m3 of waste water 

effluent was generated per m3 of beer produced4. In most cases, brewery effluent disposal 

costs are much higher than water supply costs.  

 

The concept of water treatment for reuse has been shown in the literature recently, as the 

regulations regarding wastewater disposal have become more rigorous alongside a rising 

cost for intake water. Primary reasons for wastewater reuse being an uncommon practice 

in this type of industry include public perceptions and the possible product quality 

deterioration. As the shortage of water is becoming an increasingly serious global problem 

day by day, the momentum of brewery wastewater reuse is inescapable2.  

 

To maintain the quality of natural ecosystems, it is crucial to build eco-efficient strategies 

into every industry. Through this study, an attempt has been made to provide a model 

wastewater treatment plant for the brewery industry that maximizes the removal efficiency 
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within a short period, holds a low possibility of producing any toxic by-products and has 

the potential to regenerate usable water from waste effluent. 

 

1.3 Objectives of the Dissertation 

 

The principal objective of this study was to investigate the potential of electrochemical methods 

for brewery wastewater treatment. The performance of anodic oxidation and integrated anodic 

oxidation with the electro-Fenton process (addition of Fe (II) from external source to initiate 

Fenton’s reaction) was evaluated for the removal of contaminants from brewery wastewater. To 

the best of our knowledge, the combination of these two EAOPs for the treatment of this particular 

type of wastewater has not been reported in the literature at this time. The following items were 

studied in this research work to achieve the primary goal, sequentially: 

1. Physical, chemical and electro-chemical characterization of brewery wastewater, 

2. Performance evaluation of anodic oxidation process in the degradation of organics from 

brewery wastewater with regards to chemical oxygen demand (COD), 

3. Integration of the electro-Fenton (EF) technique by adding iron from external source with 

the anodic oxidation (AO) process to evaluate the possible enhancement in contaminant 

removal by measuring effluent COD and total organic carbon (TOC) concentration, 

4. Determination of the generation rate and concentrations of reactive oxygen species (i.e. 

hydrogen peroxide and hydroxyl radicals) at different time interval for AO and integrated 

AO-EF respectively to understand the contribution of each technology in reducing organic 

concentrations and to develop an appropriate strategy for possible enhancement in 

performance, 

5. Measurement of Fe species in the sample solution throughout the electrolysis period to 

investigate the available concentration of Fe (II) in the system, 

6. Analysis of the effect of the initial pH value and electrolytes on the performance of the 

treatment system,  

7. Evaluation of the performance of the electrochemical treatment system in a continuous 

mode of operation. 
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1.4 Organization of the Dissertation 

 

This dissertation is comprised of six chapters and an appendix. A brief discussion on the 

contents of these sections are as follows, 

 

Chapter 1: Introduction describes the background study, motivation and objectives for this 

research work.  

Chapter 2: Literature review describing, in detail, the characteristics of brewery wastewater, 

existing technologies and their limitations, application of EAOPs to treat this type of 

wastewater and critical challenges associated with these processes.  

Chapter 3: Material and method section describing about the sample collection from the 

brew house and storage, experimental setup, reagents used in the study and in-detail steps 

of analytical measurement.   

Chapter 4: Result and discussion section reporting the experimental results of the EAOPs 

study conducted using real brewery wastewater. 

Chapter 5: Conclusion section summarizing the study and providing recommendations for 

future study. 

Chapter 6: A list of references. 

Appendix. 
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Chapter 2 

Literature Review 

 

2.1 Brewery Wastewater 

 

Brewing is one of Canada’s oldest industries, and at present Canadian brewers hold an 89% 

share of the domestic beer market. Canada holds two competitive advantages in terms of 

making world class beers: proximity to high-quality malt barley and an abundant fresh 

water supply. Beer is the most popular alcoholic beverage in Canada, in terms of both 

volume and dollar value21.  

 

In general, the food and beverage processing industry is the second largest manufacturing 

sector in Canada in terms of value of production with shipments worth $105.5 billion in 

2014; it accounts for 17% of total manufacturing shipments and 2% of the national gross 

domestic product (GDP). It’s the largest manufacturing employer and provides 

employment for 246,000 Canadians22.  

 

According to Industrial Water Use, a Publication from Statistics Canada 201123, the total 

water intake by Canadian manufacturing industries in 2011 was 3,677.5 million cubic 

metres and the food industry accounted for 9.4% of total water withdrawals. 

Geographically, manufacturers located in Ontario and Quebec accounted for most of the 

water intake, with Ontario contributing 40.7% and Quebec responsible for an additional 

23.1% of the total. Due to the high economic value of beer production, the number of 

companies engaged in this type of industry is increasing rapidly and the number of licensed 

breweries in Canada has risen by almost 108% over the past five years, with 644 breweries 

in operation in 201524. 
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2.2 Brewing Beer and Source of Brewery Wastewater Generation 

 

2.2.1 Brewing Process 

 

Globally, beer is considered as the fifth most consumed beverage behind tea, carbonated 

beverages, milk and coffee and the pace of its popularity continues with an average consumption 

of 23 litres/person per year25. This popular alcoholic beverage is made from a malted grain (usually 

barley), water, and possibly a herb or spice for flavor (e.g. hops), with the whole mixture being 

fermented with yeast 26.  

 

Brewing beer involves two main steps: a) brewing and b) packaging of the finished product. The 

by-products (e.g., spent grains from mashing, yeast surplus, etc.) generated from these steps are 

considered pollutants when mixed with effluent water. Also, the cleaning of tanks, bottles, 

machines, and floors produce high quantities of polluted water, which contain both chemical (with 

very high organic content) and microbial contaminants 3. It is estimated that in the production of 

1 L of beer, 3–10 L of waste effluent is generated, depending on the production technique and 

specific water usage. In other words, large quantities of water are consumed and polluted during 

the beer brewing process 2, 27. Figure 2 shows the schematic of brewing process and main areas of 

wastewater generation with possible composition. The composition of beer wastewater comes 

from different production units, namely cleaning of mash tun and lauter tun, boil kettle, whirlpool, 

fermentation, and filtration units as well as non-production units such as rinsing, washing, 

dewatering, rinsing spent hops, and hot trub. Spilling of beer during the production is another 

source of wastewater generation with a simple composition of mainly water and beer28. 
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Figure 2 Schematic diagram of the brewing process and areas of potential wastewater generation. Legends reading guideline: “Name of the process” 

– “Ingredients/Composition”. 
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2.2.2 Characteristics of Brewery Wastewater 

 

Traditionally, to describe brewery wastewater quality, biochemical oxygen demand (BOD), 

chemical oxygen demand (COD), and total organic carbon (TOC) have been reported. High 

concentration of these parameters indicates a nutrient-rich wastewater, one which promotes 

the growth of algae and bacteria if discharged into a river. The presence of these 

microorganisms creates a situation of oxygen deficiency in water and subsequently the 

death of marine life.  Studies have been performed characterizing dissolved organics 

present in wastewater and have reported that these contents are highly heterogeneous with 

compounds of a variety of different molecular weights, ranging from simple structures to 

very complex polymers. Janhom et al. 29 29 29 30 reported that brewery wastewater has high 

levels of DOC (Dissolved Organic Content) and an absorbance at UV254 indicating a high 

level of organic content with aromatic structures29. Typical physical and chemical 

characteristics of Brewery wastewater are shown in Table 1. Other than the parameters 

mentioned, beer wastewater has been shown to contain trace elements such as zinc, 

manganese, and iron which may originate from the ingredients used (e.g. hops) or the 

process of making beer30. 

 

 

2.3 Traditional Practice to Treat Brewery Wastewater  

 

High levels of organic matter in the effluent makes the disposal of untreated/partially 

treated brewery wastewater into water bodies a potential threat to the aquatic life as the 

removal of organic compounds through microbial means requires oxygen for degradation 

and creates an oxygen depleted environment which presents a major threat to the survival 

of non-microbial organisms. As the management of environmental issues is of growing 

concern these days, the brewing industry, like any other industry, is subject to extensive 

government regulations and must comply with numerous environmental protection laws. 
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2.3.1 Conventional methods of pre-treating brewery wastewater 

 

Pre-treatment of brewery wastewater means the alteration of physical, chemical, or 

biological properties of the effluent before discharge into a municipal sewer or public water 

body to meet municipal bylaws and/or to improve the performance of municipal treatment 

plant. 

 

2.3.1.1 Physical methods 

 

Physical methods of treatment are used to remove coarse solid particles through physical 

force, allowing particles to settle out or float to the top naturally. Major physical methods 

used for solid separation are screening, comminution, sedimentation, and flotation. It has 

been reported that these methods are not suitable in a decontamination process; for instance, 

the use of sedimentation was found ineffective even with added chemical coagulants and 

flocculants2. 

 

2.3.1.2 Chemical methods 

 

Chemical pre-treatment of brewery wastewater involves the alteration of water chemistry 

by pH adjustment or coagulation and flocculation. Adjustment of wastewater pH to neutral 

levels before discharge is mandatory to protect aquatic life. Primary chemical methods 

include chemical precipitation31, adsorption, disinfection, and chlorination.  
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Table 1 Typical characteristics of brewery wastewater 

Parameters 

Harbin 

Brewery 

Co., Ltd. 

(Harbin, 

China) 

2008 

United 

Breweries 

(UB), 

Hyderabad

, India 

Unicer 

Brewery 

Typical 

Brewery 

Opaque 

Beer 

Carlsberg 

Brewery 

Malaysia 

Berhad 

Synthetic 

Brewery 

Wastewater 

Local 

Craft 

Brewery 

Brewery 

Wastewater 

Treatment 

Plant 

Influent 

pH 6.5±0.2 3-12 6.5-7.9 4.5-12 3.3-6.3 8.5±0.2  5.7±0.5 5.95 

Temperature

, °C 
 18-40 30-35 18-20 25-35     

Alkalinity, 

mg/L as 

CaCO3 

       270±80 380 

TS, mg/L  5100-8750   5100-8700    2850 

TSS, mg/L 480±70 2901-3000  200-1000 2901-3000 350  950±450 1530 

TDS, mg/L  2020-5940       1320 

COD, mg/L 2250±418 2000-6000 
800-

3500 

2000-

6000 
8240-20000 2470 17000±600 

11080±

2760 
2811 

BOD, mg/L 1340±335 1200-3600 
520-

2300 

1200-

3600 
 1457    

TOC, mg/L 970±156     820    
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TN, mg/L 54±14a 25-80b 12-31 25-80 
0.0196-

0.0336 

97a 

62b 

268±18 

101±5b 

180±10

0 

8±3b 

 

TP, mg/L 50±35c 10-50c 9-15 10-50 16-24 56c 
66±2 

55±2c 

55±35 

26±19c 
 

Reference 
Feng et 

al.6 
Rao et al.32 A. G. Brito et al.28 

Krishnan 

Vijayaragha

van et al.8 

Chen et al.7 Scampini et al.33 

 

aTKN – Total kheljhal nitrogen, bNH3-N – Total ammonia nitrogen, cPO4-P – Phosphate as phosphorus, TS – Total solids, TSS – Total 

suspended solids, TDS – Total dissolved solids, COD – Chemical oxygen demand, BOD – Biochemical oxygen demand, TOC – Total 

organic carbon, TN – Total nitrogen, TP – Total phosphorus. 
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2.3.1.3 Biological methods 

 

Biological methods of treatment are based on the induced activity of wide range of 

microorganisms to convert biodegradable organic matter in the wastewater into benign 

inorganic by-products. Breweries produce high quantities of polluted water, which contain 

both chemical (with very high organic content) and microbial contaminants3 which makes 

biological treatment effective for this type of wastewater after it has been undergone 

physical and chemical pre-treatment. Biological treatment of wastewater is divided into 

two types, either with oxygen (aerobic) or without oxygen (anaerobic).  

 

Aerobic 

 

Aerobic microorganisms metabolize organic pollutants from wastewater in the presence of 

oxygen and therefore reproduce and create inorganic end-products (principally CO2, NH3 

and H2O). Typical aerobic treatment methods include activated sludge processes, 

sequencing batch reactor34, bio-filtration towers, the rotating biological contactor (RBC) 

process, and lagoons2, 35. 

 

Anaerobic 

 

This type of wastewater treatment is characterized by the biological conversion of organic 

compounds by anaerobic microorganisms into biogas, which can be used as a fuel, mainly 

methane (55-75% by volume) and carbon dioxide (25-40 % by volume) with traces of 

hydrogen sulfide in the absence of elemental oxygen. Typical anaerobic treatment methods 

include up-flow anaerobic sludge blanket (UASB) reactor33, and fluidized bed reactor. 

 

A full-scale study of UASB reactor seeded with activated sludge was performed by 

Parawira et al., an average percent removal of 50, 90 and 57% was reported in terms of 

total solids, settable solids and COD. The treatment enables the brewery to meet the 

requirements of the wastewater discharged into public water works yet significantly 
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increases the concentration of orthophosphates and nitrogen in the UASB effluent and 

therefore, tends to accumulate these nutrients in the system36.  

 

2.4 Treatment of brewery wastewater for reuse – State of art technologies 

 

The brewing industry consumes a large amount of water as influent for brewing, rinsing, 

and cooling purposes. Water regeneration, or recycling, is gaining more interest as 

regulations become more stringent and the cost of fresh water rises37. As a result, most 

breweries are interested in installing the appropriate treatment plant to recycle the water, 

making the overall process more cost effective. Technologies that meet that purpose which 

have been introduced in the literature are discussed below. 

 

2.4.1 Membrane filtration 

 

Membrane filtration technology is divided into four classes, based on the effective pore size 

of the membrane: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 

osmosis (RO) or hyperfiltration membrane. These are considered integral components of 

drinking water and wastewater treatment processes. In the case of brewery wastewater, it 

has been reported that two areas where membrane processes play useful roles are: (i) loss 

reduction in the brewing process, and (ii) as a technological alternative to conventional 

solid–liquid separations25. Typically, there are two ways to operate membrane filtration 

process: dead end and cross flow. In dead-end filtration, all of the feed water flows through 

the membrane (as permeate) so that all impurities that are too large to pass through the 

pores accumulate in the filter module. In crossflow mode, feed water flows parallel to the 

membrane surface, with only a proportion passing through the membrane. Braeken et al. 

reported that nanofiltration (NF) was sufficient for regeneration when the wastewater was 

pre-treated biologically25. 
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2.4.2 Membrane bioreactor (MBR) 

 

The membrane bioreactor (MBR) technique is a combination of two well-established 

treatment methods: enhanced biological treatment using activated sludge, and membrane 

filtration. The method is divided into two configurations based on how the membrane is 

integrated with the bioreactor: side-steam and submerged. In side-streams MBRs, 

membrane modules are placed outside the reactor in series connection, and the reactor 

mixed liquor circulates over a recirculation loop that contains the membrane. On the other 

hand, in submerged MBRs, the membranes are placed inside the reactor, submerged in the 

mixed liquor. MBR technology has been applied in the treatment of brewery wastewater, 

with significant amounts of COD removal (~90%) reported in most cases. For reuse 

purpose, the use of MBR after use of a UASB (Up-flow Anaerobic Sludge Blanket) reactor 

has been shown to be effective, with the MBR system removing 96% of influent COD2.  

 

The use of an anaerobic membrane bioreactor (AnMBR) has recently been reported to abate 

pollutants from brewery wastewater. AnMBR is an integrated anaerobic digestion and 

membrane filtration process, where a membrane system separates all solid parts from 

wastewater, improving the effluent quality. A study by Chen et al. reported a 98% removal 

was achieved with a 0.53 L biogas/gCOD conversion rate for the brewery wastewater when 

using the AnMBR technology 7. 

 

2.4.3 Non-thermal quenched plasma 

 

At high temperatures, the intermolecular forces of a highly-ionized gas created by ionic 

attractions and repulsions give these compositions distinct properties, termed “Plasma” and 

described as the fourth state of matter. Uniquely, unlike gas, plasma may form structures 

such as filaments, beams and double layers2 in the influence of a magnetic field. As a 

suitable source of plasma gasses, the use of electric discharges is expanding to treat gasses 

and liquids to evaluate of contaminant removal processes. In an electric discharge, strong 

oxidizing species such as OH and NO radicals are created which participate in the 

contaminant abatement processes3, 35.  
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In a study by Doubla et al., where an electric gliding arc was discharged in humid air to 

create plasma, the BOD removal efficiency for brewery industrial wastewaters with values 

of 385 and 1018 mg/L were 74 and 98%, respectively3.  

 

2.4.4 The use of Nanomaterials  

 

Carbon nanotubes (CNTs) have been found to be highly efficient in adsorbing various 

organic and inorganic pollutants and hence have been used in different studies to treat 

brewery wastewater for water reclamation and reuse purpose.  A study by G. Simate31b used 

CNTs adsorption in a granular filter bed integrated with coagulation/flocculation and 

sedimentation in a semi-continuous laboratory scale water treatment plant for turbidity and 

COD removal. This treatment scheme removed 96.0% of COD and only 5 NTU of residual 

turbidity remained in the effluent.  

 

2.4.5 Electrochemical methods 

 

The application of electrochemical methods in the treatment of industrial wastewater has 

been widely received as it has been shown to achieve partial or complete decomposition of 

organic substances. In a study by Vijayaraghavan et al. a novel brewery wastewater 

treatment method based on in situ hypochlorous acid generation was developed where a 

COD reduction of 97% was achieved when graphite was used as an anode and stainless 

steel as a cathode in an undivided electrolytic cell8. 

 

2.4.6 Microbial fuel cells 

 

Microbial fuel cell (MFC) is a combined system with anaerobic and aerobic characteristics 

that treats wastewater and generates electricity at the same time. MFC has been reported as 

a very effective method in terms of COD removal by many researchers. Feng et al. analysed 

the efficiency of MFC to treat brewery wastewater in terms of maximum power densities, 

coulombic efficiencies, and chemical oxygen demand (COD) removal as a function of 
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temperature and wastewater strength6. In their study, an 87% COD removal efficiency was 

reported where maximum power density was found to be 205 mW/m2.  

 

A study by Wang et al. reported that the ionic strength of brewery wastewater would play a 

significant role in the performance of MFC system as it is inversely proportional to the 

power/voltage outputs38. Table 2 shows the summary of existing treatment methods in literature 

to treat brewery wastewater2. 

 

Table 2 Summary of existing treatment methods of brewery wastewater 
 

Process 
COD Reduction (%) 

Quenched plasma 98 

UASB 73-91 

Aerobic reactor 90-98 

Combined bioreactor 98 

Membrane bioreactor 96 

Electrochemical method 97 

Microbial fuel cells  94 

Nanofiltration 96 

Reverse osmosis 100 

 

 

2.5 Limitations of Conventional/Existing Methods 

 

Brewers are concerned that they are using the best techniques in terms of product quality 

and cost effectiveness. During production, beer alternately goes through three chemical and 

biochemical reactions (mashing, boiling, fermentation and maturation) and three solid-

liquid separations (wort separation, wort clarification, and rough beer clarification). 

Consequently, water consumption, wastewater, and solid-liquid separation constitute real 

economic opportunities for improvements in brewing25.  
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The alteration of physical, chemical, and biological properties of brewery effluent help the 

brewing industry meet municipal bylaws. Among all these processes categories, biological 

treatment methods hold three major advantages over the others: (1) the treatment 

technology is mature, (2) they are highly efficiency in COD and BOD removal, ranging 

from 80 to 90%, and (3) require a low investment cost. Despite these advantages, the 

requirements for high energy input limits the application of this method in a large scale2. 

Additionally, biological methods naturally lead to longer hydraulic retention times and are 

subject to failure due to shock loading and improper maintenance, and specific bacterial 

strains are required for the biodegradation of flavonoids present in the brewery to achieve 

higher removal efficiencies8.  

 

The major limitation of using MBR and membrane technology for the treatment of 

wastewaters is membrane fouling. Severe fouling problems significantly increase the 

chemical cleaning frequency of the membrane module and also rapidly lower retention 

which reduces the lifetime of the membrane39.  

 

The use of nanomaterials in wastewater treatment processes is challenging as they lack 

dispersion and solubility. Improvements in nanomaterial dispersity through 

functionalization is required before use. Synthesis of nanomaterials is a complex process, 

hence expensive, and they require regeneration after use. Application of nanoparticles in 

slurry form requires an efficient downstream separation process such as membrane 

filtration to retain and recycle the materials. The retention of nanomaterials on membranes 

is a critical phenomenon not only because of the cost associated with loss of nanomaterials 

but also, and more importantly, because of the potential impacts of nanomaterials on human 

health and ecosystems2, 31a, 40.  

 

2.6 Introduction of EAOPs - Application of EAOPs for Industrial Wastewater treatment 

 

Industrial processes produce a significant amount of wastewater that is quite difficult to 

remove or degrade using conventional means because of the presence of recalcitrant 
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pollutants in wastewater. The application of Advanced Oxidation Processes (AOP) in such 

cases has been reported as a promising alternative to attain satisfactory effluent quality.  

 

The principle of AOP relies on the formation of the hydroxyl radical (•OH) which is a 

highly reactive radical which can degrade recalcitrant organics such as aromatic, 

chlorinated, and phenolic compounds instantly. The hydroxyl radical can be produced by 

chemical oxidation processes such as ozonation, Fenton oxidation, and by light or 

ultrasonic irradiation16, whereas in electrochemical-based treatment systems, in situ •OH is 

produced cleanly and efficiently. These processes are particularly useful in the 

decontamination of wastewater because it offers41: 

 

 Faster degradation of organic pollutants while less prone to form toxic species; 

 Complete mineralization of organic pollutants (i.e. transformation into CO2 and 

H2O); 

 A limited requirement of or no (i.e. catalytic) chemical reagents at a low energy cost 

 

2.6.1 Types of EAOPs based treatment methods 

 

2.6.1.1 Electro-Fenton 

 

The Fenton reaction based EAOP, termed Electro-Fenton, is actively considered as the first 

EAOP due to the generation of hydroxyl radicals which potentially oxidizes organics. A 

small quantity of Fe (II) is introduced as a catalyst to an acidic solution (at pH 3) in this 

process to react with electro-generated H2O2 to produce homogeneous ·OH and Fe3+ ions, 

which is the classical Fenton reaction11b, 17. This traditional EAOP technology is based on 

the16: 

 

 Cathodic formation of hydrogen peroxides from the reduction of oxygen, Eq.(1-1), 

 Electrochemical regeneration of Fe (II) from Fe (III) species on the cathodic surface, 

Eq.(1-2), (1-3). 
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2.6.1.2 Anodic Oxidation 

 

Electrodes play a significant role in anodic oxidation processes as the reactions happen on 

or near of the surface of electrode. In the direct oxidation process, pollutants contained in 

the bulk of the wastewater must reach the electrode surface, and the oxidation reaction takes 

places once they are adsorbed onto this surface. Consequently, the nature of the electrode 

materials influences the selectivity and efficiency of the oxidation process and mass transfer 

becomes crucial to the process, and is, more often than not, the bottleneck of the oxidation 

rate16. A proposed mechanism of degradation of organics by hydroxyl radicals is as 

follows41-42, 

 

M + H2O → M(•OH) + H+ + e-   [2-1] 

R + M(•OH) → M + mCO2 + nH2O + pX   [2-2] 

 

Where, M(•OH) refers to the •OH radicals adsorbed on the anode material, M; R refers to 

organic matter and X refers to inorganic ions. 

 

The effectiveness of AO processes depend on the OEP (oxygen evolution potential) value;  

electrodes with high OEP show fast and easy mineralization of organics which explains the 

behavior of different electrode surfaces on oxidizing organics43. Table 3 shows a 

classification of anodic materials based on their oxygen evolution potential16, 43-44. 
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Table 3 Classification of anodic materials 

 

Material Oxygen Evolution Potential, V (v/s SHE) 

RuO2 1.47 

IrO2 1.52 

Pt 1.60 

Graphite (Pyrolytic 

Oriented) 
1.7 

PbO2 - PbO2/Ti 1.8-1.9 

Ti/Ce/Sb/SnO2 2.16 

Ti/Nd/Sb/SnO2 2.28 

Boron Doped Diamond 

(BDD) 
2.40 

 

By combining both AO (e.g. using BDD electrode) and EF process, the effectiveness of the process 

can be substantially increased. 

 

2.6.1.3 Sono-electrochemical and Photo-electrochemical 

 

Recently, the combination of electrochemical treatment with sonochemistry and 

photocatalytic systems has been explored as a method to decontaminate wastewater. 

Oxidation processes for these technologies happen both on or near the anode surface and 

in the bulk solution. The term sonoelectro-Fenton process can be used for the simultaneous 

action of both EF process and ultrasonic irradiation. In photoelectrochemical systems, an 

EF reactor would be integrated with a UV lamp and hence, possess the synergic effect of 

in situ generated H2O2 in the presence of Fe (II) and UV radiation with a possible 

enhancement in the decontamination process41, 43. 
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2.7 Application of EAOPs in Food and Beverage Industry Wastewater 

 

Food industry effluent is typically characterized by high organic content such as sugars, 

carbohydrates, and fermented products which usually comes from different sectors such as 

preparation of raw materials, cleaning packing materials, and washing machinery and 

floors. Most of these organics are not satisfactorily removed by physiochemical or 

biological processes, failing to meet discharge limit for release into receiving 

waterbodies45. New treatment methods effective in pollution control and removing organics 

along are essential to abide by environmental rules and regulations. As an alternative to 

traditional biological methods, interest in the application of EAOP based methods has been 

increasing to fulfill the requirements of food industry wastewater effectively.  

 

The application of EAOPs based treatment methods in food industry wastewater treatment 

has not been studied extensively in the literature. Electrochemical oxidation was applied to 

the treatment of cola-plant wastewater, coffee curing wastewater, olive oil wastewater, 

olive mill wastewater, green table olive processing wastewater, starchy wastewater, 

distillery industry wastewater, and beer brewery wastewater46. These types of treatment 

methods have drawn a great deal of attention in the food industry as of late due to their 

environmental compatibility, versatility, and often zero addition of chemicals43, 47.  

 

2.8 Evolution of EAOP 

 

In the literature, very few examples have been reported of successful installations of full-

scale application of electrochemical processes. Anodic oxidation processes are widely used 

for disinfection of swimming pool water. BDD anodes have been reported to be used in 

some cases for on-site rainwater disinfection, as well as disinfection of sewage and 

industrial process water. High concentrations of persistent organics from tannery, 

petrochemical plant, dairy, and pulp and paper-mill wastewaters have been treated using 

anodic oxidation processes. These types of industrial wastewater also contain elevated 

amounts of chloride (oxidation potential, 1.36 V16) which work as indirect oxidizing agents 

in the treatment system and ideally contribute to the removal of pollutants from 

wastewater48.     
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2.9 Opportunities and challenges of electrochemical processes in treating industrial 

wastewater 

 

There has been extensive research into the removal of a variety of organics and inorganics 

from wastewater using electrochemical processes. Future opportunities for these kinds of 

methods include decentralized water treatment plants as the mechanism of these methods 

are controlled, and electrode potential and cell current are easier to control remotely than 

conventional chemical and biological processes. Also, variations in influent water quality 

can be easily adjusted using these treatment methods. 

 

Several studies report significant challenges of electrochemical treatment methods that 

limit application in large industrial wastewater treatment plants. The formation of toxic by-

products and loss of efficiency due to mass transfer limitations and unwanted side reactions 

top the list of challenges which need to be minimized before designing electrochemical 

treatment systems. Another major challenge of this technology is the treatment of chloride-

containing water as it produces chlorine (Cl2) and hypochlorous acid which can form 

halogenated products (e.g. trihalomethanes, THMs) that are often more persistent and toxic 

than the parent compound48. 

 

Chapter 3 

Materials and Methods 

 

3.1 Materials 

 

The following chemicals were purchased from Sigma-Aldrich (unless otherwise stated) and 

used without further modification: iron (II) sulfate heptahydrate (≥99%), hydrogen 

peroxide (30%, Fisher Scientific), potassium permanganate, oxalic acid (≥99%), N, N-

diethyl-1,4-phenylene-diamine (97%), peroxidase from horseradish, salicylic acid 

(≥99.5%), 2,3-dihidroxybenzoic acid (99%), 2,5-dihydroxibenzoic acid (99%), nickel-

nitriloacetic acid (NTA) resin (50%), and ethanol (95%). All solutions used in this study 
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were prepared using water from an ultrapure Milli-Q purification system (MQ, Millipore) 

and for pH adjustment, either 1M H2SO4 or 1M NaOH was used in all experiments.   

 

3.1.1 Sample Preparation 

 

Brewery wastewater was collected after fermentation from the Brewhouse, Labatt 

Brasserie, LaSalle, Quebec every two months and send directly to us. The sample was 

stored at 2-8°C and before running each experiment the required amount allowed to reach 

room temperature. A vacuum filtration system with a 0.2 μm ultrafiltration membrane was 

used to remove all microorganisms and suspended particulates from the brewery 

wastewater before conducting each experiment and then the sample solution was aerated 

for 40 minutes to ensure that the sample was air saturated (DOsat = 8.38±0.68 mg/L) as the 

concentration of dissolved oxygen is required for the effective production of in-situ 

hydrogen peroxide at cathode surface, Eq.(1-1). 

 

3.1.2 Physical-chemical Characteristics of Brewery Wastewater 

 

Analyses were performed to characterize the Labatt brewery wastewater by measuring 

some parameters which are listed in the Table 4: 

 

Table 4 Labatt brewery wastewater characteristics 

 

Parameters Labatt Brewery Sample 

pH 6.91±0.38 

Conductivity, μS 552 ± 59 

TS, mg/L 913 ± 5 

TSS, mg/L 148 ± 15 

TDS, mg/L 765 ± 20 
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VTSS, mg/L 135 ± 9 

FTSS, mg/L 13 ± 7 

COD, mg/L 1860 ± 70 

TOC, mg/L 574 ± 32 

TN, mg/L 74 ± 10 

TP, mg/L 6.71 ± 3.5 

TFe, ppb 66 ± 12 

 

The source of high organic content in the brewery wastewater comes from the ingredients 

used in the process of making beer, and phosphorus and nitrogenous content come from the 

spent grain. The concentration of iron in brewery wastewater was crucial for this study 

since its concentration as Fe (II) is the main factor in the commencement of classic Fenton 

reactions. The concentration of total iron in the brewery wastewater was found to be 66 ppb 

which may come from raw materials used (water, cereal, hops and yeast) as well as from 

environmental contamination due to fertilizers, pesticides, industrial processing, and 

containers. Since iron has a great capacity to form stable compounds, complexed and non-

complexed form of iron have been reported to be found in beer30. 

 

The total iron content of beer highly depends on the type of beer and the extraction process. 

For instance, pale beers have been found to have less iron concentration than dark beers. 

This can be attributed to the production of pale beer, which includes a filtering phase using 

diatomaceous earth. This type of sedimentary rock has a unique porous structure which 

traps the iron content and hence makes the beer light49. Dark beers, on the contrary, are 

primarily extracted from hops and malts with different toasting levels; therefore, the 

difference in iron content could be associated with the raw materials used in the production 

process30. Another source of iron may be the addition of iron sulfate in beer as a foam 

organoleptic improver, which is a traditional practice in most breweries.  
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3.2 Experimental Setup 

 

An open, cylindrical glass electrolysis cell was used for all experiments in this study with 

multi-plated (two anodes and three cathodes) electrode configuration in monopolar parallel 

connection, maintained at room temperature (23±2°C). BDD (Fraunhofer USA, Inc.) and 

graphite electrodes of 25 cm2 effective surface area were used as anodes and cathodes 

respectively. Figure 3 is showing the schematic of the experimental setup. A sample volume 

of 450 ml was added to the cell with pH initially adjusted to 3.0 since ideal pH for Fenton 

reaction where iron is available as Fe2+ (unless otherwise mentioned)16. The electrodes were 

placed in vertical alignment and a DC power supply (Agilent Technologies) was used in 

the galvanostatic mode of operation for all the experiments. Iron (II) sulfate heptahydrate, 

FeSO4. 7H2O (Catalyst) was added to the sample solution as the Fe (II) source to initiate 

the E-Fenton reaction. The BDD electrodes were subjected to an auto cleaning procedure 

by immersing them in an acid solution (1M H2SO4) for 30-min after each experiment to 

remove adsorbed molecules at the electrode surface and then rinsed with DI water until the 

pH of the water was neutral50. The graphite cathodes were soaked in alkaline solution (1M 

NaOH) and acidic solution (1M H2SO4) alternatively for cleaning, and then rinsed with DI 

water until it reached neutral pH51. All samples were mixed vigorously using a vortex mixer 

before each analysis and all experiments were performed in triplicates.  
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Figure 3 Schematic of the electrolysis cell with five electrode plates configuration (two anodes and three 

cathodes) 

 

3.3 Analysis 

3.3.1 Electrochemical Measurements 

 

To characterize the electrochemical behaviour of the electrolysis cell, a cyclic voltammetry 

(CV) analysis was performed. In CV analysis, a waveform generator is required to produce 

the excitation signal and hence, a potentiostat is used to apply this signal to the 

electrochemical cell. The influence of reactions that are taking place in the cell would be 

restricted by the use of a potentiostat. The final voltammogram would be displayed on the 

oscilloscope52.  

 

In this study, CV analysis of the brewery wastewater sample was carried out at pH 3.0 in a 

typical three-electrode system using a Potentiostat (Multi-Potentiostats 8 channels + 

Frequency Analyzer (MPFA)) with a BDD plate as the working electrode, a stainless-steel 

plate as the counter electrode, and saturated Ag/AgCl electrode as the reference electrode. 
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The measurements were carried out over a potential range of -1.5 to +2.7 V with a scan rate 

of 50 mV/s-1 and 100 mV/s-1. The analysis was repeated until the signals were steady. 

 

3.3.2 Analytical Measurements 

 

For pH and conductivity measurement, a calibrated pH meter (Oakton Instruments, 310 

series, Vernon Hills, IL, USA) and conductivity meter (Oakton Instruments, Vernon Hills, 

IL, USA) were respectively used. Brewery wastewater is characterized by a high 

concentration of Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC). 

Therefore, it is necessary to study the influence of COD and TOC content on the 

effectiveness of electro-Fenton treatment on BW. COD, TN, and TP were measured by 

reactor digestion method using Hach kits. In brief, the measurement of parameters by Hach 

kits involves the addition of sample solution into a reagent containing vial, which is heated 

for a specified period of time, then cooled to room temperature. The concentration of the 

parameter sought is then measured using a spectrophotometer (DR2800, Hach)53. The range 

of the COD vials was 20-1500 mg/L and a proper dilution factor was used to measure 

concentrations higher than this range. The TOC concentration was measured by catalytic 

oxidation method using a TOC analyser (Shimadzu Corporation, Japan). The principle 

underlying this analysis includes the oxidation of samples through heating and combustion 

at 680°C with a platinum catalyst. The sample gets decomposed in this chamber and 

generates carbon dioxide.  The carbon dioxide produced is cooled and dehumidified, and 

detected by an infrared gas analyser (NDIR). The concentrations of TC (total carbon) and 

IC (inorganic carbon) in the sample are obtained through comparison with a pre-prepared 

calibration curve using a standard solution. The TOC concentration is then calculated by 

subtracting the IC concentration from the obtained TC concentration54. 

 

The instantaneous current efficiency (ICE) based on COD/TOC value was calculated from 

Eq.(3-1)55. 

ICE = 
[(𝐶𝑂𝐷)0 −(𝐶𝑂𝐷)𝑡]

8𝐼𝑡
 FV  [3-1] 
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Where, COD0 and CODt are the solutions COD values at time 0 and t, respectively (mg/L), V is 

the solution volume (L), F is Faraday constant (96,485 C/mole), I is the applied current (A) and 8 

is the oxygen equivalent mass (g eq-1). 

 

The electrical energy consumption (EEC) per unit volume of wastewater treated (kWh/m3) 

was calculated from the following equation15: 

           EEC = 
𝑈𝐼𝑡

1000 𝑉 
             [3-2] 

Where U is the applied voltage (V).  

 

3.3.3 H2O2 Measurement 

 

A modified DPD/HRP assay was used to measure H2O2 concentration. A 1.0 mM H2O2 

stock solution was prepared by the dilution of a 30% w/v H2O2 solution and standardized 

by titration with 0.1N KMnO4 solution (beforehand, KMnO4 solution was standardized by 

titration with oxalic acid). The stock solutions of N, N-diethyl-1,4-phenylene-diamine 

(DPD) and horseradish peroxidase were prepared and stored in the dark at 5°C. In this 

measurement technique, DPD (N, N-diethyl-p-phenylenediamine) is oxidized to a colored 

product DPD•+ by the chemical reaction with H2O2 and horseradish peroxidase (HRP) as a 

catalyst. The concentration of H2O2 was measured by periodically collecting a 1 mL 

subsample, then, by mixing this with 1 mL of phosphate buffer (pH 6), 50 μL DPD (10 mM 

in 0.1% H2SO4) and 100 μL of HRP (10 U/mL). The product, DPD●+, was then analyzed 

by UV-VIS spectrophotometry (Agilent Technologies) at 553 nm in quartz cuvettes of 1 

cm optical path length. The molar absorption coefficient of DPD●+ was found to be 14,400 

M-1cm-1. When building standard curves, H2O2 concentration higher than 100 μM starts to 

deviate from a linear relation. Therefore, for higher concentrations, the sample solution was 

diluted before analysis56. 
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3.3.4 •OH Measurement 

 

The concentration of •OH radical produced was determined using a ‘‘trap and trigger’’ 

method where salicylic acid was used as a scavenger to trap •OH radicals. It has been 

reported in previous studies that 2,3-DHBA, 2,5- DHBA, and catechol were detected as 

reaction products when SA was used to scavenge •OH radical57. The concentration of 2,3-

DHBA is higher than 2,5-DHBA when •OH radicals are chemically produced while 2,5-

DHBA is favored over 2,3-DHBA when •OH radicals are electrochemically produced, and 

catechol concentration has been reported to occur in very subtle quantities or to not appear 

at all58. UV-Vis spectroscopy was used to determine the concentration of the resulting 

hydroxylated products, 2,3-dihidroxybenzoic acid, and 2,5-dihydroxibenzoic acid and was 

then utilized to quantify the hydroxyl radicals59. Standard solutions of SA, 2,3-DHBA, and 

2,5-DHBA with 10 × 10-3, 10 × 10-3, and 8 × 10-4 M concentrations, respectively, were 

prepared and analysed with UV-VIS to establish the wavelength at which the maximum 

absorption is observed for every reagent. Standard curves with different concentrations 

were built for these three analytes. The molar absorption coefficient of SA, 2,3-DHBA and 

2,5-DHBA was found to be 3100, 2600 and 3100 M-1cm-1 at 300, 309, and 323 nm 

respectively. The experiment of producing and scavenging •OH radicals was conducted in 

a 450 ml electrochemical cell and then determined using the method described by Peralta 

et al.59. 

 

Figure 4 Formation of hydroxylated products from the reaction between salicylic acid and hydroxyl 

radical59. 
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3.3.5 Measurement of Fe (II), Fe (III) and Total Fe  

 

The concentrations of Fe (II), Fe (III), and total Fe were measured analytically using 

Inductively Coupled Plasma-Mass Spectrometry, ICP-MS (Agilent 7500ce). The use of 

ICP-MS is ideal for quantifying metals and non-metals in samples from various sources as 

well as quantifying different species, forms, or oxidation states associated with trace 

elements. Ideally, ICP is an argon plasma which can reach temperatures as high as 6000°C, 

allowing the complete atomization of the elements in a sample and minimizing potential 

chemical interferences. With ICP-MS, the argon ICP generates charged ions from the 

elemental species within a sample that are directed into a mass spectrometer and separated 

according to their mass-to-charge ratio. Ions of the selected mass-to-charge ratio are then 

directed to a detector that determines the number of ions present. The concentration of 

metal ions in a sample is measured from the pre-prepared calibration curve using standard 

solutions of respective metals60. 

 

A chelating resin, Ni-NTA Superflow, was used to extract the Fe species from the sample. 

At very low pH values (pH 1.7-2) Ni-NTA resin is capable of holding Fe3+ with no retention 

of Fe2+. Fe2+ was oxidized using H2O2 and the concentration of Fe2+ was determined as the 

difference between the two measurements. The extraction was conducted using a column 

chromatography method. 1 mL of Ni-NTA resin was poured into the column, and 4 mL of 

sample was added, with Fe3+ being retained and collected by 1M HNO3 elution solution. 

All samples were extracted twice using the same batch method for higher extraction 

efficiency. The same procedure was followed to detect Fe2+ concentration after oxidizing 

by adding 50 μL of H2O2. Before and after each measurement, the resin was cleaned using 

0.02 M HNO3 and then DI water61. It should be mentioned that the analysis of metals at 

low concentration is very precarious and may be easily affected by the contaminants. 

Different kinds of experimental and environmental reasons may affect the results of this 

analysis.  
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Chapter 4 

Results and Discussion 

 

4.1 Electrochemical characteristics of brewery wastewater – Cyclic Voltammetry  

 

The cyclic voltammetry technique has received a great deal of interest for initial 

electrochemical studies of new systems and has proven the usefulness of these analyses in 

gathering information about somewhat complicated electrode reactions. Ideally, analysing 

the CV characteristics, a reaction can be defined as reversible or irreversible. The 

characteristics of reversible reactions are listed below and the deviation from these specifics 

can be termed as the result of an irreversible reaction62:  

 

 The positions of peak voltage do not alter as a function of voltage scan rate, 

 The ratio of the peak currents is equal to one, 

 The peak currents are proportional to the square root of the scan rate. 

 

In this study, CV analysis was carried out to obtain information on the direct oxidation of 

organic content in brewery wastewater on the BDD anode surface. The CV plot, Figure 5 

shows that the voltage is separated between the current peaks, and the positions of the peak 

voltage do not change as a function of voltage scan rate, also the anodic peak current (Ipa) 

is not equal to the cathodic peak current (Ipc) i.e. Ipa/ Ipc ≠ 1, which implies that the 

electrochemical reaction in this system is irreversible. Anodic peak voltage was observed 

at 2.7V which confirms the presence of the higher oxidation potential agent, •OH radical, 

with another small peak also observed in the anodic range which is attributed the presence 

of other oxidizing agents such as chlorine (1.36V), hydrogen peroxide (1.78V), chlorine 

dioxide (1.27V), and molecular oxygen (1.23V)16. It should be mentioned that the CVs in 

this study were performed in static mode and therefore this could limit the concentration of 

oxygen brought to the electrode surface63.  
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Figure 5 Cyclic voltammetry analysis of brewery wastewater as a function of applied potential. 

[Experimental condition: room temperature, scan rate = 50, 100 mV/s, pH = 3, working electrode = BDD, 

counter electrode = stainless Steel, reference electrode = Ag/AgCl, inset shows the magnified view of 

selected CV curve]. 

 

In the literature, several studies have looked at cathodic production of hydrogen peroxide 

to act as a potential agent to oxidize organics18, 64. Also, the composition of brewery 

wastewater has been reported to contain chloride, which may originate from intake water 

or the raw materials used for in beer production7-8, 33. A novel method developed by 

Vijayaraghavan et al. presented that chloride based sample generates hypochlorous acid in 

an electrolytic cell which can serve as an oxidizing agent to destroy organics present in 

wastewater8. Hence, it is hypothesized that a combined effect of hydroxyl radical and other 

potential oxidizing agents are participating in degrading organics from brewery wastewater.  
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4.2 Electro-Oxidation and Electro-Fenton degradation profiles for COD and TOC 

 

4.2.1 Effect of Current density on COD reduction 

 

In all electrochemical treatments, current density or applied electrode potential is a key 

experimental parameter. Electro-oxidation treatment is primarily based on the generation 

of hydroxyl radicals from anodic oxidation of H2O on BDD surface. The applied current 

intensity has a major impact on the oxidation of H2O in an electrochemical cell. As shown 

in Figure 6 (a), the COD concentration decreases faster and with higher removal when the 

current density increases. The drift of these curves with current density can be attributed to 

the higher production of hydroxyl radicals and other oxidants such as chlorine (1.36V), 

hydrogen peroxide (1.78V), chlorine dioxide (1.27V), and molecular oxygen (1.23V). COD 

removal efficiencies of 65, 91, and 96% were achieved for 8, 16, and 24 mA/cm2 of current 

density respectively. From these results, 16 mA/cm2 of current density was used for the rest 

of the studies to check the effect of other parameters individually.  

 

4.2.2 Effect of Initial Fe2+ dose on COD and TOC reduction  

 

The incorporation of electro-Fenton with electro-oxidation allows the system to produce 

more •OH radicals by Fenton’s reaction (i.e. disintegration of in situ generated hydrogen 

peroxide by Fe2+ ion). The generation of this radical depends on the ratio of H2O2 to Fe2+ 

(Eq.1-2). Since Fe2+ regenerates at the cathode (Eq.1-3), ideally the catalytic amount of Fe2+ 

is enough to generate significant amounts of •OH radical. The faster and more efficient 

regeneration of the Fe2+, which is a kinetic-controlling step for hydroxyl radical generation, 

is an advantage of the electro-Fenton process over Fenton and photo-Fenton processes. To 

achieve higher efficacy of the system, Fenton’s reaction must happen instantly and 

ceaselessly. Therefore, it is required to optimize Fe2+ ion dose for total exchange of 

hydrogen peroxide into •OH radicals and to avoid the stimulation of any secondary 

befoulment through the formation and precipitation of ferric hydroxide Fe(OH)3
12.  
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Figure 6 Degradation profile of COD over time (a) at different current densities (anodic oxidation system), 

(b) at different initial Fe (II) concentration (combined electro-Fenton and anodic oxidation). [Experimental 

condition: room temperature, pH 3, sample volume = 450 ml]. 

 

Figure 6 (b) shows the effect of Fe2+ concentration on COD removal. It can be seen that 

both COD removal efficiency and kinetics of the reaction varies slightly with Fe2+ dose. 

For 0.1 and 0.2 mM of initial Fe2+ dose, the latter showed slightly faster rate than the former.  
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The change of brewery wastewater TOC concentration over time using BDD anode and 

graphite cathode with a current density of 16 mA/cm2 at the ideal pH 3.0 for EF process 

under different Fe2+ concentration is shown in Figure 7. It can be observed that initial Fe2+ 

concentration has a nonsignificant effect on TOC removal in terms of removal efficiency 

and kinetics. With 0.1 mM Fe2+ ion concentration, TOC concentration decreased slowly 

during the first hour and after that decreased rapidly. For the doses of 0.2 and 0.3 mM Fe2+ 

ions, the changes of TOC over time exhibit similar trends but with 0.2 mM it showed a 

slightly faster reaction rate than 0.3 mM for the first two hours. This can be attributed to 

the fact that hydroxyl radicals are being destroyed with initial Fe2+ doses higher than 0.2 

mM hence making this dose the optimal dose for brewery BW by combined electro-Fenton 

and electro-oxidation and therefore, this dose was used for further study. A similar optimal 

dose was found for other types of industrial wastewater (e.g. photographic processing 

wastewater) as well12. 
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Figure 7 TOC degradation profile over time for the combined electro-Fenton and anodic oxidation system. 

[Experimental condition: room temperature, current density = 16 mA/cm2, sample volume = 450 ml]. 
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The insignificant effect of Fe2+ on removal efficiency can be explained by the pre-existing 

presence of trace amounts of Fe2+ in brewery wastewater which potentially comes from the 

raw materials used in the production cycle7, 65.  

 

Both for COD and TOC removal, the removal rate was faster at the beginning of the 

experiment and then slowed down in a progressive manner. Fast removal can be explained 

by the formation of Fe(OH)3 precipitation which coagulates organic contaminants and 

hence increases the removal efficiency. Since the precipitation of Fe3+ reduces the amount 

of catalyst regeneration, the removal efficiency with time was found to be reduced in the 

later part of electrolysis time12. Other researchers explained this by the following detail10. 

After a certain period of treatment (4 h for this study) the concentration of organic matter 

decreased, while the generation of hydroxyl radicals still advanced. This high concentration 

of •OH/BDD(•OH) elevated the possibility of competing reactions, Eq.(4-1)-(4-4). 

 

•OH + •OH → H2O2 (solution bulk)     [4-1] 

2 BDD(•OH)  →  2 BDD + H2O2 (anode surface)   [4-2] 

HO2
• + •OH → H2O + O2      [4-3] 

H2O2 + •OH → H2O + HO2
•      [4-4] 

 

In addition, the degradation rate of the EF-BDD treatment reached up to 94 and 90% for 

COD and TOC respectively after 6h of electrolysis, indicating that at this stage of treatment, 

all aromatics were converted to short chain aliphatic carboxylic acids including complexes 

of Fe3+, which were recalcitrant to hydroxyl radicals and hence responsible for the 

respective residual values10, 42. Brewery wastewater was characterized by Janhom et al. to 

contain aromatic compounds, the segmentation of these compounds forms short-chain 

carboxylic acids with low molecular weights which degrade much slower than aromatics 

by hydroxyl radicals, this might explain the decrease of removal rates at the final stages 

and be responsible for the residual TOC concentration29. Although most of these acids are 

classified as biodegradable, it has been reported that some of them have adverse effects to 
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skin and mucous membranes and hence, should be categorized before disposal66. These 

results offer opportunities to further treat the wastewater by integrating UV irradiation or 

other treatment systems with the anodic oxidation system. 

 

4.2.3 Kinetic Study 

 

In electrochemical processes, all kinds of complex intermediates are formed which makes 

it impossible to conduct a thorough kinetic analysis with every single reaction that occurs 

during these processes. It is, however, feasible to carry out a proximate kinetic analysis by 

using the COD value to represent the total organic pollutants content of the effluent. Thus, 

apparent kinetic constants can be obtained through this method to reflect the mineralization 

rate constant of the effluent. The gradual degradation of organic pollutants in these 

processes can be expressed by a simple irreversible reaction relating to COD. 
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Figure 8 Kinetic study of a) COD degradation (anodic oxidation), b) COD degradation (combined electro-

Fenton and anodic oxidation), and c) TOC degradation (combined electro-Fenton and anodic oxidation) 

[Experimental condition: room temperature, initial pH 3, current density = 16 mA/cm2, electrolysis time = 

6h, sample volume = 450 ml]. 

 

As observed in the graph, Figure 8, the chemical reactions in this system follow first order 

reaction kinetics when the applied current density is 8 mA/cm2. With increasing current 
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density, the reactions accelerate and make it difficult to carry out the kinetic study. With an 

applied current density of 16 mA/cm2 for the first four hours, the reaction constant was 

found to be 0.322 sec-1 and then accelerated to 0.5739 sec-1. A similar type of behaviour 

was observed in the case of 24 mA/cm2 current density. Hence, these types of reactions can 

be termed a mixed reaction order reaction. Table 5 shows relevant kinetic parameters. 

 

Table 5 Kinetic study parameters 

 

No 
Current Density, 

mA/cm2 

Reaction 

Constant, sec-1 
R2 Value 

Electrolysis 

Time, h 
Remarks 

1 8 0.1569 0.9950 0-6 First Order 

2 16 
0.3220 0.9928 0-4 Mixed 

Order 0.5739 0.9999 4-6 

3 24 
0.5317 0.9891 0-4 Mixed 

Order 1.0073 0.9999 4-6 

 

As the concentration of organic matter decreases with time but the production of in situ 

generated hydrogen peroxide as well as anodic hydroxyl radical production keeps 

increasing, the reaction kinetics becomes more complicated and hence can be termed as 

mixed order reaction. 

 

A kinetic study for COD and TOC removal with different iron (II) concentrations followed 

the same trend when 16 mA/cm2 of current density was applied as shown in Figure 8 (b) 

and (c) respectively. The COD removal rate constant with catalyst addition was found to 

be 0.3264 sec-1 for the first four hours and 0.6439 sec-1 (can be termed as instantaneous 

rate) for the rest of the experimental time. In terms of TOC removal, for the first period the 

reaction rate was slower than COD removal but it increased slightly in the last two hours 

with numeric values of 0.2641 sec-1 and 0.6517 sec-1 respectively.  
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4.3 Concentration of reactive oxygen species 

 

4.3.1 In-situ generated hydrogen peroxide 

 

The absorption spectrum of different doses of H2O2 after reaction with the reagent solution 

is shown in Figure 9. The product from this oxidation reaction, DPD•+, shows two 

absorption maxima, at 511 and at 553 nm respectively. The absorption at 553 nm was used 

for subsequent measurements, as it is somewhat higher than at 511 nm. Table 6 shows the 

associated parameters from H2O2 assay. 
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Figure 9 Absorption spectra of DPD•+ (Product of DPD/HRP and H2O2) with different H2O2 concentrations. 

 

The in-situ production of H2O2 at pH 3 following a forty-minute aeration has been 

investigated in this study, as shown in Figure 10. It can be observed that the production of 

H2O2 increased exponentially with reaction time up to 216.2 μM after 6h of electrolysis. 

With the addition of 0.2 mM Fe (II) into the system, the concentration of H2O2 produced 

in-situ reduced to 197.8 μM after 6h of electrolysis. This can be explained by the 
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commencement of the Fenton reaction in which produced H2O2 is consumed by Fe (II) ion 

and produces hydroxyl radicals, Eq.(1-2). 
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Figure 10 Cathodic H2O2 production v/s electrolysis time in anodic oxidation and combined electro-Fenton 

and anodic oxidation system. [Experimental condition: room temperature, initial pH 3, current density = 16 

mA/cm2, initial [Fe (II)] = 0.2 mM, sample volume = 450 ml]. 

 

Also, it can also be seen from Figure 10 that the rate of electro-reduction for H2O2 

generation reached a plateau after 4h of electrolysis for the electro-oxidation experiment 

whereas for combined electro-oxidation and electro-Fenton experiments the concentration 

of electro-generated H2O2 kept increasing. Since the regeneration rate of Fe2+ slows after 

4h of electrolysis (discussed in the section 4.4), H2O2 consumption for Fenton reaction by 

Fe2+ is also reduced. The plateau region of H2O2 generation can be explained by the 

commencement of side reactions Eq.(4-5)-(4-8) reported by Liu, Y.18 

 

2H2O2   → 2H2O + O2   [4-5] 
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O2 + 4H+ + 4e- → 2H2O  [4-6] 

H2O2 + 2H+ + 2e- → 2H2O  [4-7] 

2H+ + 2e- → H2   [4-8] 

 

Table 6 Calibration curves equation, R2 value and range of linear relations (both hydrogen peroxide 

and OH radicals) 

 

Analyte Linear Range 

(M) 

Regression Equation R² Reference 

H2O2 a4×10-5-1×10-3 A553nm = 0.0144x + 0.1202 0.9953 This study 

SA b6×10-5-1×10-3 A303nm = 3047[SA] ± 90 + 0.06 ± 0.05 0.995 Peralta et 

al.59 

A300nm = 3081[SA] + 0.7924 0.984 This study 

2,3 - 

DHBA 

b6×10-5-1×10-3 A310nm = 2720[2,3-DHBA] ± 32.36 + 

0.08 ± 0.018 

0.999 Peralta et 

al.59 

A309nm = 2600.9[2,3-DHBA] + 0.0791 0.996 

 

This study 

2,5 - 

DHBA 

b6×10-5-8×10-4 A323nm = 3335[2,5-DHBA] ± 36.8 + 0.06 

± 0.016 

0.999 Peralta et 

al.59 

A323nm = 3143.4[2,5-DHBA] - 0.0842 0.991 

 

This study 

aAdapted from56a, bAdapted from59  

 

 

4.3.2 Hydroxyl Radical 

 

A method developed by Peralta et al. was used in this study to quantify hydroxyl radical 

concentration59. At first, standard solutions of salicylic acid, 2,3-DHBA, and 2,5-DHBA 

were analyzed to set the maxima and corresponding wavelength for every analyte. The 
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following figure shows the absorption spectra resulting from this analysis. It can be seen 

that the maximum absorbance of SA, 2,3-DHBA, and 2,5-DHBA is at 300 nm, 309 nm, 

and 323 nm, respectively. 
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Figure 11 Absorption spectra of SA, 2,3-DHBA and 2,5-DHBA shows three different maxima at 303, 309 

and 323 nm respectively. 

 

4.3.2.1 Effect of Initial SA Concentration on •OH production 

 

The efficient trapping of •OH radicals significantly depends on the initial concentration of 

salicylic acid and hence has been studied, as shown in Figure 12. It can be noticed that the 

production of primary derivative products of salicylic acid varies with initial SA 

concentration. From 0.8 mM to 5 mM initial SA concentration the production of 2,5-

dihydroxibenzoic Acid (2,5-DHBA) increased rapidly. For SA initial doses of 8 mM, the 

production of 2,5-DHBA showed no significant difference from an initial dose of 5 mM. 

This can be explained by the saturation of •OH radical production by this electrochemical 

process which does not leave enough •OH radicals to scavenge by SA when the initial 
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concentration is higher 5 mM. For further analysis a 5 mM dose was used as the initial SA 

concentration for effective •OH radical trapping. 

 

4.3.2.2 Effect of Reaction time for Effective trapping of •OH 

 

The formation of primary hydroxylated derivatives from the reactions between hydroxyl 

radicals and salicylic acid is very fast. Each of these species has high rate constants, which 

is 2.4×1010, 1.3×1010 and 2.2×1010 L/mol/sec for 2,5-DHBA, 2,3-DHBA, and SA 

respectively58a. Though an excess of salicylic acid was added for effective radical trapping, 

it is required to determine the effective time to obtain sufficient amounts of primary 

derivatives for quantitative determination. Figure 12 presents the net formation of primary 

derivatives for various reaction times and it can be observed that the net formation of 

primary derivatives increased smoothly with time for the first 25-min. This signifies that 

the production and effective trapping of •OH radicals for quantitative determination are 

under control in the studied conditions within 75-min of reaction time. A reaction time of 

25-min was selected in this study for effective trapping. 

0 2 4 6 8
0

1

2

3

0 20 40 60 80
0.0

0.5

1.0

1.5

2.0

[•
O

H
 R

a
d
ic

a
l]
 (

m
M

) (b)

 

 

[•
O

H
 R

a
d
ic

a
l]
 (

m
M

)

[Initial SA] (mM)

(a)

 

 

Time (min)

 

Figure 12 Effect of (a) initial [SA], (b) reaction time on effective OH radical trapping by “trap and trigger” 

method. [Experimental condition: reaction time = 35 min for (a), initial SA concentration = 5 mM for (b)] 
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4.3.2.3 Effect of reaction time on production of hydroxylated products of SA and COD 

reduction  

 

For the quantitative determination of primary hydroxylated derivatives using this trap and 

trigger method, in situ generated H2O2 and 0.2 mM Fe2+ via E-Fenton and anodic oxidation 

at pH 3 was used to produce •OH radicals, and for effective trapping, salicylic acid with 

initial concentration of 5 mM was used for 25 min to evaluate the generation rate or the 

concentrations of hydroxyl radicals in the system. 

 

To quantify hydroxyl radicals, a method described by Peralta et al. was used in this study59. 

In this method, SA is employed as •OH scavenger to produce 2,3-DHBA and 2,5-DHBA 

and according to the reaction stoichiometry, the sum of the hydroxylated compound 

concentrations is equal to the hydroxyl radical concentration59. 

 

Using UV-Vis, the absorbance spectra of three individual analytes is shown in Figure 11 at 

a different wavelength. In such a method, the total absorbance of a mixture is equal to the 

sum of the absorbances of each compound. The •OH radical concentration is equal to the 

sum of 2,3-DHBA and 2,5-DHBA concentration. It can be observed from this analysis that 

only one of these hydroxylated products was detected. Potentially, when 0.4 A is applied 

to the system, both reactions may be accelerated which explains why only 2,5-DHBA was 

detected59. 

 

Thus, a system with three equations was established and was solved in a matricial way (Eq. 

4-9) at every reaction time. At this point it is worth noting that this method is limited to the 

feasibility of creating linearly independent equations. This is plausible in cases where 

experimentation is conducted under careful control. 

 

[

𝐴1(𝑡)
𝐴2(𝑡)
𝐴3(𝑡)

]   = b  [
𝜖𝑋1 𝜖𝑌1 𝜖𝑍1

𝜖𝑋2 𝜖𝑌2 𝜖𝑍2

𝜖𝑋3 𝜖𝑌3 𝜖𝑍3

] [

𝑋(𝑡)
𝑌(𝑡)
𝑍(𝑡)

]  [4-9] 
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Where, A = absorbance of mixture at 300, 309, and 323 nm wavelength, t = reaction time, 

ε = molar Absorptivity, M-1cm-1 at 300, 309, and 323 nm, b = cell optical length = 1 cm, 

[X] = molar salicylic acid concentration in the mixture, [Y] = molar 2,3-DHBA 

concentration in the mixture, [Z] = molar 2,5-DHBA concentration in the mixture. 

 

The mixture absorbance was measured over time at the maximum wavelengths of every 

analyte and the concentrations of the analytes were also determined by solving the matrix 

is shown in Figure 12 (b) and Figure 13 (a). It can be observed that as soon as the electrical 

current is applied, the SA concentration starts decaying. It can be inferred from this that the 

generation of •OH radical is instant. The trapping of •OH radicals by SA keeps happening 

and hence the decaying of SA is observed. The detection/appearance of SA hydroxylated 

products certifies that the oxidation of SA by •OH radical has commenced. In Figure 13 

(a), the concentration of 2,5-DHBA reaches a maximum level after 60-min of reaction time 

but was smooth for the first 25-min and started to go with slow-pace after this point. The 

reactions might be accelerated by applying 0.4 A current and attributed to the detection of 

2,5-DHBA only, which is reported by the previous study59.  
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Figure 13 (a) Production of hydroxylated products, (b) Consumption of hydroxyl radical for COD reduction 

over time, in different electrochemical system.  
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The COD concentration of the sample solution was also measured to see if there are any 

side reactions occurring, other than oxidation of SA by •OH radicals. As shown in Figure 

13 (b), it can be observed that a certain degree of mineralization is happening with •OH 

radicals.  This suggests that the amount of •OH radicals produced should not be only related 

to the acid concentration but to the degree of mineralization also. Due to this limitation, 

this method was reported useful to compare advanced oxidation processes with initial 

reaction data only. In this study, the production rate of •OH radicals was found to be 

129×10-5 mM/h and 82×10-5 mM/h for AO and combined AO and EF respectively at initial 

conditions (reaction time ≤25 minutes). 

 

It can also be seen in Figure 13 (a) that the generation of 2,5-DHBA is slightly faster for 

combined AO and EF than AO only for the first 15-min, and after that no significant 

difference was seen. This phenomenon can be explained by the rapid reduction of COD in 

the sample solution by combined the AO and EF method after 15-min, Figure 13 (b). It is 

worthwhile to mention that in EF, it is expected that a larger fraction of •OH radicals would 

be wasted by Fe2+, along with the relative decay of anodic •OH42.  

 

2•OH → O2 + 2H+ + 2e-    [4-10] 

2•OH → H2O2     [4-11] 

Fe2+ + •OH → Fe3+ + OH-     [4-12] 

 

4.4 Total Iron and Iron (II) Concentration 

 

The analysis of iron concentration is of paramount important in Fenton reaction based 

treatment systems and therefore was studied here. It can be observed from Figure 14 that 

after six hours of electrolysis, the concentration of total iron for the integrated anodic 

oxidation and E-Fenton decreased to 7.3 ppm from 10.86 ppm following the addition of 0.2 

mM Fe (II) into the system. The 32.9% reduction of total iron from the system might be 

attributed to the adsorption of iron (II) and iron (III) species onto the electrode surface67.   
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Figure 14 Trend of total iron concentration over time in an integrated electro-Fenton and anodic oxidation 

system. 

 

The variation of Fe species over time in the electrolysis system has been shown in Figure 

15. The reduction in Fe (II) concentration justifies the excess amount of hydrogen peroxide 

in the system after four hours of electrolysis in section 4.3.1. The cathodic deposition of Fe 

complexes can be attributed to the diminution of Fe (II) concentration. It is interesting to 

note here that the performance of the system was mainly attributed the Fenton-like reactions 

at this stage of electrolysis. 
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Figure 15 Variation of Fe species concentration over time in the integrated electro-Fenton and anodic 

oxidation system.  

 

The rapid declination of Fe (II) concentration can also be explained by the excess amount 

of it in the solution, which leads to more complex formation and finally deposition on the 

cathode. The formation of this passivation layer on the cathode surface limits the 

regeneration of Fe (II) through the reduction of Fe (III). 

 

The study of reactive oxygen species generation (H2O2, •OH radical) shows no influence 

of adding iron from external source and Fe speciation shows excess amount of iron is prone 

to precipitate on electrode surface. However, the concentration of pre-existed iron in the 

brewery sample makes the anodic oxidation system a dual performing system with high 

removal of organic matters.  

 

4.5 Enhancement of AO performance at different pH value with the addition of electrolytic 

solution 

 

The possible enhancement of the anodic oxidation with electro-Fenton (iron source is 

brewery wastewater) was investigated using acidic, neutral, and basic pH ranges with the 

addition of electrolytes (Na2SO4 salt). As it can be depicted from Figure 16 the variation in 
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pH value, as well as the addition of electrolyte, showed no improved performance. At pH 

7, which is the natural pH range of brewery wastewater used in this study, showed 

somewhat better performance, it can be proposed that the anodic oxidation experiments can 

be performed without any pH adjustment.    
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Figure 16 Effect of pH and electrolyte addition on the performance of anodic oxidation system in terms of 

COD removal over time. [Experimental condition: room temperature, current density = 16 mA/cm2, 

electrolysis time = 6h, [Na2SO4] = 30 mM, sample volume = 450 ml]. 

 

The performance of the anodic oxidation system was then analysed in terms of total 

nitrogen (TN) and total phosphate (PO4
2-) removal. The removal of total nitrogen at each 

experimental condition is shown in Figure 17. The sample used in this study contained a 

very low concentration of total phosphate and hence, this compound was completely 

removed. At the end of 6 h of electrolysis, the residual TN concentrations were found to be 

11, 12, 15, and 14 mg/L for respective pH 7, pH 10, pH 7 with electrolytes, and pH 10 with 

electrolytes at a current density of 16 mA/cm2. One possible mechanism of nitrogen 

compound degradation is explained by Vijayaraghavan et al. who attribute it to super 

chlorination8. This process occurs at close proximity to the anode surface and over the 

course of electrolysis over time, nitrogenic compounds are converted to monochloramines, 
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dichloroamines, and nitrogen trichloride and finally transformed into nitrous oxide (N2O) 

and nitrogen (N2) by further oxidation of chloramines. 

 

Initia
l

pH 7
pH 10

pH 7 with Salt

pH 10 with Salt
0

20

40

60

80

81% 82%86%

 

T
N

 (
m

g
/L

)

85%

 

Figure 17 Total nitrogen (TN) removal at different initial pH values using the anodic oxidation system. 

[Experimental condition: room temperature, current density = 16 mA/cm2, electrolysis time = 6h, [Na2SO4] 

= 30 mM, sample volume = 450 ml]. 

 

4.6 Energy consumption and current efficiency – An analysis of relative cost 

 

The analysis of electrical energy consumption was employed to evaluate the energy 

requirement of AO system. Here, energy consumption is defined by the amount of electrical 

energy required in kilowatt-hours to degrade pollutants of 1 m3 in volume. The variation of 

electrical energy consumption for different current density and initial Fe (II) concentration 

is shown in the appendix (Figure 24-Figure 27). The graphical representation of energy 

requirement with different initial pH value and electrolyte addition is shown in Figure 18 

(a) while (b) shows the instantaneous current efficiency (ICE) of the system in batch 

operation mode at a constant current. The analysis of ICE allows to check the effectiveness 

of electrochemical processes regarding flowing electrons throughout the system15, and by 

definition, the ratio of the electrical charge used for the oxidation of each compound to the 

total charge passed during the process44. 
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Figure 18 Effect of pH and electrolyte addition on the performance of anodic oxidation system (a) electrical 

energy consumption; (b) instantaneous current efficiency. [Experimental condition: room temperature, 

current density = 16 mA/cm2, electrolysis time = 6h, sample volume = 450 ml]. 
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4.7 Continuous Experiment – Electrode Fouling 

 

The continuous experiment of the anodic oxidation system using pH 7 (natural pH of the sample 

used in this study) was conducted to evaluate the effectiveness of the process against electrode 

fouling. As it can be seen in Figure 19 the system reaches steady state condition after 6 h of 

electrolysis and continues until ten hours of electrolysis and then starts to deteriorate slightly. This 

might be explained by the formation of a passivation layer on the surface of the cathode. To 

regenerate the performance of the system, it must go through the proper cleaning procedure 

(mentioned in Chapter 3). 

0 3 6 9 12

0.4

0.6

0.8

1.0

 

 

C
O

D
/C

O
D

0

Time (h)
 

Figure 19 COD degradation profile for the continuous set of experiments. [Experimental condition: room 

temperature, initial pH 7, current density = 16 mA/cm2, electrolysis time = 12 h, flow rate = 0.078 L/h]. 
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Chapter 5 

Conclusions and Future Perspectives 

 

In this study, anodic oxidation and electro-Fenton processes were used to degrade the 

organic contents of brewery wastewater. The results obtained from this work include the 

removal efficiency, reactive oxygen species quantification, and an evaluation of possible 

side reactions. 

 

Throughout the research, the efficacy of the treatment system was evaluated using the same 

wastewater sample received from the Labatt brewery unless otherwise mentioned. Firstly, 

the sample had undergone the anodic oxidation system and with changes in applied current 

density, the system showed different removal efficiencies. Quantitatively, with 8, 16, and 

24 mA/cm2 of current density, the system showed COD removal efficiency of 65, 91, and, 

96% respectively. After considering the relative energy consumption among these three 

densities, 16 mA/cm2 was selected for the electro-Fenton experiment and the addition of 

Fe (II) showed insignificant effect on the sole performance of anodic oxidation. The study 

of reactive oxygen species showed that in an anodic oxidation system, the production of 

H2O2 increased exponentially over time to 216.2 μM after 6h of electrolysis, while for the 

electro-Fenton system the amount of H2O2 was measured lower at each time interval due 

to the commencement of the Fenton reaction. The measurement of hydroxyl radicals 

showed an insignificant difference in these processes. Since brewery wastewater ideally 

contains trace amounts of metals, it can be depicted from this study that the catalytic amount 

of Fe (II) was already in the sample wastewater, which made the anodic oxidation process 

more successful and a dual system of anodic oxidation and electro-Fenton. It is worth to 

mention that the concentrations of trace metals in brewery samples greatly depends on the 

selection of production process with a careful choice of raw materials utilized including the 

minor ingredients and, hence, the composition of raw wastewater would vary from sample 

to sample and it should be obligatory to characterize the wastewater before treating the 

sample specially for the scale-up systems. 
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While the AO system demonstrated satisfactory performance, the study encountered some 

limitations during the experiments: deposition of Fe species on electrodes, and a foaming 

phenomenon which limited the system’s ability to consume O2 from the ambient 

atmosphere and indirectly caused fouling. The study of continuous experiments supports 

these limitations where the AO system starts to deteriorate after 10h of electrolysis. This 

study suggests that the performance of continuous mode of operation in the existing system 

unit can be improved by incorporating an intermittent cleaning step to remove impurities 

from electrodes and a screening unit on top of the reactor to remove the surface scum. 

 

Based on this research, the following recommendations can be made for future studies, 

 

 Comprehensive study of the process to investigate the individual effect of Fenton 

chemistry and anodic activity on the performance of AO system in a control 

environment. 

 To better understand the electrochemical reactions that are happening in the system, 

it is recommended to perform an extended characterization of the wastewater sample 

including trace metal ions (e.g. Mn2+, Zn2+, Al3+ etc.) and cations (e.g. Cl-, SO4
2-). 

 Identification and toxicity evaluation – Finding a suitable way to detect the 

intermediate products of organics and evaluate their possible toxicity on the 

environment, and analysis of their time course to set a reaction mechanism of their 

complete mineralization (i.e. conversion into CO2 and H2O). 

 Performance evaluation of the existing system unit in continuous mode of operation 

by incorporating an intermittent cleaning step to remove impurities from electrodes 

and a screening unit on top of the reactor to screen off the scum.  

 Pilot-scale experiments should be performed to check the amenability of anodic 

oxidation system to large fluctuations in organic loading.  

 Analysis of energy and nutrients recovery from the system should be studied to make 

the system more sustainable.  
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Appendix 

 

This chapter contains supporting information to better understand the system. During 

electrolysis period, conductivity of the sample solution increases due to the reduction of 

contaminants potentially induces inorganic ions into the electrolysis cell by degrading 

organic matters (Figure 20). Thus, the voltage requirement of the system reduced (Figure 

21). Throughout the experimental period, pH of the solution remained in the acidic range 

potentially due to the faster oxidation of water on BDD anode surface (Figure 22). Figure 

23 shows the reduction in voltage requirement upon adding electrolytes into the system. 
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Figure 20 Change of conductivity (average) over time in different electrochemical treatment systems. 

[Experimental condition: room temperature, initial pH 3, sample volume = 450 ml]. 
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Figure 21 Change of voltage requirement (average) over time in different electrochemical treatment 

methods used in this study. [Experimental condition: room temperature, initial pH 3, sample volume = 450 

ml]. 
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Figure 22 Change of initial pH (average) over time in different electrochemical treatment methods used in 

this study. [Experimental condition: room temperature, sample volume = 450 ml]. 
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Figure 23 Effect of initial pH and electrolyte addition on the requirement of voltage over time in anodic 

oxidation system. [Experimental condition: room temperature, sample volume = 450 ml]. 
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Figure 24 Electrical energy consumption as a function of current density (CD), mA/cm2 for anodic oxidation 

system. As CD increases the energy consumption also increases where increment of CD from 8 to 16 

consumes 34% more energy than the lower one and an increment from 16 to 24 consumes 51% more energy 

than 16 mA/cm2. 
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Figure 25 Changes of instantaneous current efficiency (ICE) over time at different current density. 

Significant difference in ICE can be observed at 0.5 and 6 hr respectively at various current density. 
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Figure 26 Electrical energy consumption as a function of current density (CD), mA/cm2 for combined 

electro-Fenton and anodic oxidation system. The addition of Fe (II) showed no significant effect on 

electrical energy consumption. [Experimental condition: room temperature, initial pH 3, current density = 

16mA/cm2, electrolysis time = 6 h, sample volume = 450 ml].  
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Figure 27 Changes of instantaneous current efficiency (ICE) over time at different initial iron (II) 

concentration. The range of concentration used in this study showed slight variation in ICE at every time 

interval tested. [Experimental condition: room temperature, Initial pH 3, current density = 16mA/cm2, 

electrolysis time = 6h, sample volume = 450 ml]. 

 


