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HYDROXYL RADICAL PRODUCTION USING ELECTROLYSIS METHOD FOR 


CHEMICAL OXYGEN DEMAND (COD) DEGRADATION 

Ang Jing Jing 

Resource Chemistry 

Faculty of Resource Science and Technology 


Universiti Malaysia Sarawak 


ABSTRACT 

This study was conducted to degrade chemical oxygen demand (COD) value in glucose 
stock solution by using electrolysis method. In this project, the electrolysis of hydrogen 
peroxide conducted in the H202 solution containing Na2S04 as electrolyte. Stainless steel 
plate anode and graphite rod cathode with DC meter which apply voltage 0-6 V is set up 
for this electrolysis. Three parameters, treatment duration, concentration of hydrogen 
peroxide and applied voltage were used to define the maximum COD removal efficiency. 
Optimum condition for this method to degrade COD value in wastewater by 4 treatment 
hours, and 0.05 M of hydrogen peroxide with 3 V, where the COD removal efficiency is 
51.7 %. Besides, the addition of iron catalyst into electrolyte increases the COD removal 
efficiency up to 87.7 %. In addition, the comparison between three different COD 
degradation methods; Electro-Fenton method has the highest COD removal efficiency 
which is 87.7%. Comparing graphite and platinum cathode, platinum cathode has higher 
perfonnance on COD degradation than graphite which is 66.15 % for platinum cathode 
whereas 55.12% for graphite cathode. 

Keywords: Chemical oxygen demand (COD), hydroxyl radical, hydrogen peroxide, 
electrolysis, water treatment. 
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ABSTRAK 

Kajian ini dijalankan untuk merendahkan nitai permintaan oksigen kimia (chemical 
oxygen demand (COD) dalam larutan stok glukosa dengan menggunakan kaedah 
elektrolisis. Dalam projek ini, elektrolisis hidrogen peroksida telah dijalankan dalam 

larutan H202 yang mengandungi Na2S04 sebagai elektrolit. Plat keluli tahan karat 

dijadikan sebagai anod dan graftt rod dijadikan sebagai katod, Selapas itu, kedua-duanya 
disambungkan dengan DC meter yang menggunakan voltan 0-6 V dan bersedia untuk 
elektrolisis ini. Tiga cara iaitu tempoh rawatan, kepekatan hidrogen peroksida dan voltan 

dalam kajian telah digunakan untuk menentukan kecekapan penyingkiran COD maksimum. 

Kecekapan terbaik untuk kaedah ini dapat dicapaikan dengan merawat air sisa dengan 4 
jam rawatan, dan 0.05 M hidrogen peroksida serta 3 V digunakan. Dengan kaedah ini, 
kecekapan penyingkiran COD ialah 51.7%' Selain itu, penambahan besi pemangkin ke 

dalam elektrolit meningkatkan kecekapan penyingkiran COD kepada 87. 7%. Di samping 
itu, kecekapan penyingkiran COD dengan menggunakan elektrolisis, reaksi Fenton dan 
kaedah elektro-Fenton telah dibandingkan dan keputusannya ialah kaedah electro-Fenton 

mempunyai kecekapan penyingkiran COD yang tertinggi iaitu 87.7%. Dalam 

perbandingan penggunaan katod graftt dan katod platinum menunjukkan katod platinum 
mempunyai prestasi yang lebih ti~}i untuk merendahkan COD daripada katod graftt. 

Keputusannya ialah 66.15% untuk katod platinum manakala 55.12% untuk katod graftt. 

Kala Kunci: Permintaan oksigen kimia (COD), radical hidroksit, hidrogen peroksida, 

electrolysis, rawatan air. 
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1.0 INTRODUCTION 

Water is an indispensable element in the world. All organisms need clean water to survive 

and carry out the daily life. Nowadays, many sources of clean water are polluted, 

contaminated and mistreated by inorganic matter, organic pollutants and organism residues 

from variety of anthropic activities. These chemicals that present in water are come from 

cleaning detergents, fertilizers, industrial discharges and other more. These chemicals are 

needed to be removed to obtain the clean water. Through this research, the chemical 

organic demand in polluted water was degraded via hydroxyl radical production by using 

electrolysis method. 

1.1 Water Quality and Water Pollution 

In Malaysia, Department of Environment (DOE) uses the water quality index (WQI) table 

(Table 1.1 and 1.2) to indicate the water pollution condition and classify the water 

condition into different classes according to the each pollution level. Six parameters in 

WQI table are included, namely dissolved oxygen (DO), biochemical oxygen demand 

(BOD), chemical oxygen demand (COD), suspended solids (SS), ammoniacal nitrogen 

(NH3-N) and pH. 

Condition 

90-100 Very Good 

75-90 Good 

45-75 Average 

20-45 Polluted 

0-20 Very Polluted 
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V 


Ammoniacal Nitrogen mglL <0.1 0.1-0.3 03-0..9 0.9-2.7 >2.7 

<1 1-3 3-6 6-12 >12Biochemical Oxygen mglL 

Demand 

<10 10-25 25-50 

Demand 

Dissolved Oxygen mglL 

Chemical Oxygen mglL 

I >7 5-7 3-5 

pH >7 6-7 5-6 

Suspended Solid mglL <25 25-50 50-150 

Water Quality Index <92.7 76.5- 51.9

(WQI) 92.7 76.5 

50-100 >100 

1-3 <1 

<5 >5 

150-300 >300 

31.0 <31.0 

51.9 

The water quality in earth is influenced by many natural issues and anthropic problems. In 

Malaysia, the water pollution problem is getting serious due to lacking of control and 

enforcement. The percentage of polluted river has increased 23.6% in a year, which is from 

35.3% in 2012 to 58.9% in 2013 (Department of Environment Malaysia, 2013). Thus, ..., 

water pollution is the main reason influenced the water quality in our country. The sources 

of water pollution can be classified into two types, which are point and non-point sources. 

The point sources is the pollutants directly discharge to the water body at specific location 

via pipes or outfall whereas the non-point sources is the pollutants is accidentally flow into 

water body of anywhere location. According to Department of Environment Malaysia 

(2013), the total amount of water pollution sources was identified as 1,475,444. These 

sources came from manufacturing industries (0.31 %), sewage treatment plants (86.49%), 

animal fann (0.04%), agro-based industries (0.03%), wet market (0.06%) and food services 
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establishments (13.06%). Table 1.3 shows the types of sources for water pollution by 

sector. 

Manufacturing Industries 

Agro-based Industries 

i) Rubber Mills 72 


ii) Palm oil mills 
 436 

Animal farms (Pig Farming) 602 

Sewage treatment plant 

i) Public 5.995 

ii) Private 4,341 

iii) Individual Septic Tank 1,262,185 

iv) Communal Septic Tank 3,629 

Food Services Establishments 192,710 

Wet Markets 879 

Total 1,475,444 

These are the reasons for the impun"~s present in water and influenced our purity of water 

qUality. The water quality should be analysed based on the water quality index (WQI) due 

to maintain and control at the desired level. 

1.1.1 Chemical Oxygen Demand (COD) 

The chemical oxygen demand (COD) is one of important parameters for chemical water 

ity to measure the organic content in wastewater and natural water. The organic 

material concentration in wastewater is calculated from the oxidant consumption necessary 
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for the oxidation of the organic material through COD test. COD test measures the oxygen 

equivalent of the amount of organic matters in the wastewater which are oxidized by a 

mixture of dichromate ions (CnOl-) and concentrated sulphuric acid (H2S04) with silver 

compound (Vyrides & Stuckey, 2009). Either silver nitrate (AgN03) or silver sulphate 

(Ag2S04) is acted as a catalyst to promote the oxidation of certain classes of organic 

compounds. A mercuric compound such as mercury SUlphate (HgS04) is added to reduce 

the interference from oxidation of chloride ions. According to American Public Health 

Association (APHA), American Water Works Assocaition (AWWA) and Water 

Environment Federation (WEF) (1999), the using strong acidic counteracting solution 

under the presence of catalyst, the reduced substances are oxidized by dichromate ion, 

Cr2072-, to produce chromium ion, C~+. The excess unreacted dichromate ions can be 

undergone a redox reaction when titrating with known ferrous ammonium sulphate (F AS) 

solution and ferroin as an indicator. After the redox reaction is completed, either the 

amount of reduced chromium (trivalent) or the amount of unreacted dichromate 

(hexavalent) can be measured. The oxydizable matter is calculated in term of oxygen 

equivalent. Thus, the concentration of C~+ is proportional to the COD value. According to 

Boyles (1997), dichromate ions (Cr20l-) form orange-colour solutions. When dichromate 

is reduced to chromic ion (C~+), the solution becomes green. The concentration of COD 
.~ 

can be acquired indirectly and promptly by colorimetry to determine the absorbance of 

concentration of C~+ or Cr6+. End products of the reaction are carbon dioxide, water, and 

various states of the chromium ion. 

1.2 Hydroxyl Radical in Water Treatment 

The bydroxyl radical is selected as the ideal oxidant in the water treatment process as its 

high oxidation power as shown in Table 1.4. Hydroxyl radical is a powerful and non
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selective oxidizing agent as its very high oxidation potential (Eo=2.8V) is enable leads it 

react rapidly with almost all kinds of toxic organic compounds in wastewater (Mota et aI., 

2008). According to Munter (2001), the reaction rate constant of hydroxyl radical is 

1010 M-1greater than that of ozone up to S-I. Besides, as hydroxyl radical can oxidise 

organic compounds via hydrogen abstraction reaction, redox reaction or electrophilic 

addition to 7r system (Oturan, 2000). Therefore, hydroxyl radical can react with all organic 

compounds more vigorously. 

Table 1.4: Relative Oxidation Power of Some Oxidizin 

1.00Chlorine 

Hypochlorous acid 1.10 

1.24Pennanganate 

1.31Hydrogen peroxide 

1.52Ozone 

Atomic oxygen 1.78 

2.05Hydroxyl radical 

Positively charged hole on titanium dioxide, Ti02+ 2.35 

•.,

The hydroxyl radicals can be generated by H202/UV, Fenton reaction, ozone, 

heterogeneous photocatalysis and electrochemical oxidation (Mota et aI., 2008). Although 

H202 is a strong oxidant but it is not efficient because H202 oxidizes the complex materials 

with low reaction rate. The H202 decompose to hydroxyl radical with the UV radiation 

which its wavelength is shorter than 300 nm (Equation 1.1). 
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From the Fenton reaction, the generation of hydroxyl radical is from the solution of 

hydrogen peroxide and ferrous ions with an acid medium, and hydrogen peroxide 

decomposed into hydroxyl radical and hydroxide ion (Equation 1.2). 

Fe2++ H202 - Fe3++ -OH t HO- (1.2) 

The addition of acid medium in Fenton reaction is due to prevent the ferrous ion react with 

hydroxide ion to fonn iron(II) hydroxide or iron(III) hydroxide at basic condition, 

consequently it did not react with H202. 

Ozone is also same with hydrogen peroxide, strong oxidant but react with complex organic 

matter is slower than hydrogen peroxide. In advanced oxidation process (AOP), the 

decomposition of ozone is the production of hydroxyl radical (Equation 1.3). Besides, the 

activation of ozone to hydrogen peroxide is also the generation of hydroxyl radical 

(Equation 1.4). That is one way to promote the production of hydroxyl radical, which is 

using the combination of ultrasound and ozone. This is due to the acoustic current induced 

by the ultrasound is used to create the turbulence, and this can reduce the limitations of 

mass transfer (Mota et aI., 2008). 

203 + 2H20 - 2-0H + 02 + 2H02- (1.3) 


03 + H202 --OH + 02 + H02- (1.4) 


Heterogeneous photocatalysis is 1Il'tJlied the principle of absorption of photons by a 


semiconductor particle to generate hydroxyl radical. Semiconductor particles will create 


holes in the valance band (h+) , which will be the oxidizing sites, when they gain enough 


energy promote the conduction of an electron (e-) from valence band (VB) to the 


conduction band (CB) (Serpone, 2008). Titanium dioxide (Ti02) is ideal semiconductor 


material in heterogeneous photocatalysis water treatment because its high photocatalytic 


activity under the photon energy of UV and possibly visible light, strong chemical and 
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thennal stability and resistance to photocorrosion (Wu et aI., 2014). Ti02 absorbs the 

ultraviolet radiation below wavelength 400 run and the e--h+ pairs is fonned (Equation 1.5). 

TiD2 - Ti02 (e- Be + h+ BV) (1.5) 

A recombination of catalyst occurs after fonning these e--h+ pairs, the recombination 

process generates the heat and adsorb the hydroxyl ions and water molecules in the 

solution. The hydroxyl radical is produced in the hole of catalyst as the process of 

recombination has taken a role as electron donors (Equation 1.6 & 1.7). 

(1.6) 

(1.7) 

Both dissolved oxygen and hydrogen peroxide act as an electron acceptor to generate 

hydroxyl radical (Equation 1.8 & 1.9). The dissolved oxygen accepted electron to produce 

superoxide radical and the triggered superoxide radical lead to the production of hydroxyl 

radical. 

(1.8) 

(1.9) 

Besides, the generation of hydroxyl radical from electrochemical oxidation is come from 

two ways' anodic oxidation and mediated electro-oxidation. In anodic oxidation, hydroxyl .',radical is generated directly from the anode of water electrolysis (Equation 1.10). 

(1.10) 

In the mediated electro-oxidation, hydrogen peroxide is produced at cathode, where occur 

reduction of dissolved oxygen (Equation 1.11). 

(1.11) 

Then, the Fenton's reagent, catalyst ferrous ion is added with the generated hydrogen 

peroxide to produce hydroxyl radical, same reaction with equation shown as Equation 1.2. 
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This reaction is called as electro-Fenton process as the hydrogen peroxide in Fenton's 

reaction is electrochemically generated. 

1.2.1 Fenton Reaction 

Fenton reaction is the catalytic decomposition of hydrogen peroxide by iron(Il) ion salts. 

The mixture of hydrogen peroxide solution and iron(II) su]phate salt is the Fenton's 

reagent. The oxygen-oxygen single bond (0-0) in hydrogen peroxide is weak, so it can 

either easily broken to form hydroxyl radical or become to the stronger double bond which 

is in convert to 02 (Luehrs et aI., 2007). The hydrogen peroxide can acts as the oxidising 

and reducing agent in Fenton Reaction. According to Barbusinski (2009), the Fenton 

reaction is firstly proposed by H.J.H Fenton in 1894. The purpose of this Fenton reaction 

process is making the formation of reactive oxidizing species, such as hydroxyl radical 

which is able to efficiently degrade and destroy the pollutants of the wastewater. The first 

step of Fenton chemistry has been developed into two reaction pathways, which are radical 

pathway and a non-radical pathway as shown in Equations 1.12 and 1.13. 

... 
The reaction 1 is the radical pathways as the production of hydroxyl radical (Equation 

1.12) while the reaction 2 is the non-radical pathways as only ferryl ion (Fe1v species) is 

generated (Equation 1.13). The combination of two pathways in first step is shown as 

Equation 1.14. 

I hydrogen peroxide is presented in excess, it reacts with FeOH2+ to produce hydrogen 

superoxide radicals as presented in Equation 1.15. 

10 
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(1.13) 

(1.14) 



(1.15) 

The parameters of Fenton reaction is included the concentration of hydrogen peroxide, 

Fe2+1H202 ratio, pH and duration of reaction. Moreover, the concentration and characterize 

of water sample, and the temperature can also affect the outcome of this reaction 

(Barbusinski,2009). 

1.2.2 Advanced Oxidation Process (AOP) 

The advanced oxidation process is being widely used as the water treatment. It is used to 

purify and disinfect the contaminated water. Not only that, the trace organics in industrial 

effluents can be destroyed by using this technology. Advanced oxidation process has two 

routes to proceed, first of it is conducted the oxidation in the presence of 02 with the 

conditional parameters (temperature: 200-300 °C and pressure: 1-20 MPa), and the second 

route is the strongly reactive intermediates, hydroxyl radical is created by using high 

energy oxidants such as ozone, hydrogen peroxide and/ or photon (Munter, 2001). As 

explained by Ray and co-workers (2006), advanced oxidation process is a chemical 

treatment method by generating highly oxidizing agent, hydroxyl radical to degrade toxic 

and non-biodegradable organic contaminants (aromatic compounds, halogenated 

hydrocarbons detergents and so '"') and inorganic pollutants (cyanide, sulphide and 

nitrite). The hydroxyl radicals can be produced by through 4 types methods which are i) 

chemical reaction, ii) radiation method, iii) combination of anyone of chemical reaction 

and radiation method, and iv) photocatalysis method. The highly reactive hydroxyl 

radicals are able mineralize these contaminants by forming end- products of carbon dioxide, 

water and inorganic salts. It can also act as the disinfectants to resistant the biological 

tInent (Souza et aI., 2015). The variable variant of advanced oxidation process depends 

on two major parameters which are characteristics of wastewater and operating scale. The 
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characteristics of wastewater are included the pH of wastewater, concentration of 

contaminants and turbidity of water. The operating scales are considered like type and 

amount of oxidant, amount of catalyst and the radiation intensity. The removal rates are 

expected to be higher if the chemical dosages and contact times are higher. However, the 

cost and the possibility of by-products formation were increased by the increasing dosages. 

The fonnation of by-products can be controlled by adding higher ratio of chemical 

(Belgiolno et al., 2011). In conclusion, the effectiveness of AOP is depended on many 

water quality parameters. 

1.2.3 Electrolysis 

Electrolysis is the electrochemical method that has been used to remove the orgamc 

contaminants in wastewater. According to Oturan (2000), the electrochemical technique is 

divided into two methods, which are direct electrochemical and indirect electrochemical. 

The anodic and cathodic transformation of pollutants is involved in the direct 

electrochemical method. The strong oxidants are produced electronically through indirect 

electrochemical method. The indirect electrochemical method is applied in the water 

treatment. The powerful oxidant, hydroxyl radical can be generated via electrolysis of 

hydrogen peroxide (Equation 1.16) (Imamura et aI., 2002). 
9' 

The generation of hydroxyl radicals, electrons from cathode are applied to H202 solution 

when negative potential is applied. This mechanism is alike to the Fenton's reaction. Based 

on the research conducted by Oturan (2000), Fenton reaction can occur in electrolysis to 

produce hydroxyl radicals by reduction-oxidation of hydrogen peroxide and Fe2+ ion. In the 

-Fenton process, H202 is produced electrochemically through reduction of dissolved 

oxygen on the cathode. Same with the classical Fenton's reaction, the production of 

(1.16) 
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hydroxyl radical is from the addition of Fe2+ ions into the H202 solution (Brillas & Casado, 

2002). The most important reaction is the regeneration of Fe2+ ion from reduction Fe3+ ion 

at the cathode surface because the generation of Fe2+ affect the production of hydroxyl 

radical that degrade the organic matter in water treatment (Jiang & Zhang, 2007). 

Furthermore, contact glow discharge electrolysis (CGDE) is a process that the 

electrochemical process happens in glow discharge at plasma electrolyte interface. It is 

also considered as an unconventional electrolysis (Sengupta et aI., 1997). In conventional 

electrolysis, hydrogen gas at cathode while oxygen gas at anode. Plasma electrolysis 

exceeds the Faraday electrolysis when sufficiently high voltage is applied to the electrolyte. 

A luminous sheath of gas formed at either cathode or anode as the rate of gas formation of 

electrode achieved a critical value, then the boundary between the gas-liquid surface is 

destroyed (Saksono et aI., 2014). During the process of CGDE, it produces reactive species 

such as hydroxyl radical, hydrogen radical and electron. The organic compounds dissolved 

in the solution can be degraded by these radicals. The concentration of generated hydroxyl 

radicals in CGDE is affected by voltage, concentration of electrolyte and anode dimension. 

The concentration of hydroxyl radical in CGDE increases with the increasing voltage and 

concentration of electrolyte. The shorter anode, the higher electric current and leading to 

the plasma gas forms around the anode. 

1.3 Problem Statement 

The toxic organic contaminants discharge from industrial area, residential area, agricultural 

area to the nearby water body, are endanger the environment by decreasing the safety of 

water quality and destroying the habitat of aquatic organisms. The chemical oxygen 

demand (COD) test is used to oxidise the organic matter to carbon dioxide and water with 

*'>ng oxidant, hydroxyl radical under acidic condition. Due to this project is only studied 
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