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1. Introduction 

World has entered into a new era where sustainability is the main factor to encounter the 
challenges of depletion of our reserves and environmental upsets. Wastewater is not only 
one of the main causes of irreversible damages to the environmental balances but also 
contributing to the depletion of fresh water reserves at this planet, generating threats to the 
next generation. A lot of industrial processes are conducted at the expense of plenty of fresh 
water which is exhausted as a wastewater, and need to be treated properly to reduce or 
eradicate the pollutants and achieve the purity level for its reutilization in the industrial 
process to promote sustainability. A number of wastewater treatment methods are 
prevailing associated with subsequent advantages and disadvantages. Most commonly 
wastewater treatments involve biological treatment[1], chemical treatment [2] and 
Electrocoagulation [3]. Biological and chemical treatments of wastewater are usually 
associated with the production of green house gases and activated sludge along with some 
other limitations regarding required area and removal of residual chemicals respectively. 
On the other hand, Electrocoagulation is an extremely effective wastewater treatment 
system, removing pollutants and producing hydrogen gas simultaneously as revenue to 
compensate the operational cost[3]. Electrocoagulation has been documented positively to 
treat the wastewater from steam cleaners, pressure washers, textile manufacturing, metal 
platers, meat and poultry processors, commercial laundry, mining operations, municipal 
sewage system plants and palm oil industrial effluents. 

Around the world, 45 million metric tons of palm oil has been produced in 2009 [5].  
Approximately 0.65 tons of raw palm oil mill effluent (POME) is produced for every ton of 
processed fresh fruit bunches (FFB). A large quantity of water is necessary to process the 
palm fruit for oil production [6]. Furthermore, POME contributes 83% of the industrial 
organic pollution load in Malaysia (Vigneswaran et al, 1999).The POME is rich in organic 
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carbon with a chemical oxygen demand (COD) higher than 40 g/L and nitrogen content 
around 0.2 to 0.5 g/L as ammonia nitrogen and total nitrogen. POME can also be described 
as a colloidal suspension of 95–96% water, 0.6–0.7% oil and 4–5% total solids including 2–4% 
suspended solids [7]. Conventionally, POME is usually treated with open lagoon technology 
by subjecting it  to anaerobic treatment in open pond system to reduce the COD & BOD, this 
pretreatment method is associated with the risks of production of green house gases i.e. 
methane as a pollutant to the environment [8]. Usually the existing conventional methods 
for the pretreatment of POME are expensive or taking long retention time and require a vast 
pond area.  
 

Parameter  Concentration (mg/L) Element 
Concentration 

(mg/L) 
Oil and grease  4000–6000 Potassium 2,270 
Biochemical oxygen 
demand  

25,000 Magnesium 615 

Chemical oxygen  
demand  

50,000 Calcium 439 

Total solid  40,500 Phosphorus 180 
Suspended solids  18,000 Iron 46.5 
Total volatile solids  34,000 Boron 7.6 
Total Nitrogen  750 Zinc 2.3 
Ammonicals 
nitrogen  

35 Manganese 2.0 

  Copper 0.89 

Table 1. Characteristics of palm oil mill effluent [4] 

This chapter emphasizes on the use of Electrocoagulation technique as a tool to promote the 
trends of sustainability in the existing industrialized world. Electrocoagulation technology 
was used successfully to pre-treat the Palm oil mill effluent (POME) as an electrolyte for the 
removal of polluting factors as a result of coagulation and precipitation of suspended solids 
followed by sedimentation under gravity. Aluminium and iron electrodes were used as 
sacrificing anodes to be used up in electrolytic oxidation for the production of Al(OH)3XH2O 
and Fe(OH)3XH2O respectively in different batch experiments. This study was also partially 
focused to compare the effectiveness of Aluminium (Al) and Iron (Fe) as electrodes to 
reduce the polluting nature of Palm Oil Mill Effluent (POME) and simultaneous hydrogen 
production during Electrocoagulation (EC). The metal (anode) based coagulants were found 
enough efficient to reduce the chemical oxygen demand (COD) and turbidity of POME. The 
remarkable pollutants removal was also associated with the hydrogen production as 
revenue to contribute the operational cost of wastewater treatment. Hydrogen production 
was also found helpful to remove the lighter suspended solids towards surface. The 
electrical inputs and findings were subjected to determine the Energy Efficiencies of POME 
treatment in comparison with water to highlight the associated advantages with EC of 
POME. This chapter is encompassing a detailed study of the related topics in general linked 
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with experimental findings. Experimental findings have also been discussed in depth with 
reference to the published articles by other researchers. Concepts and mechanisms of 
coagulation and Electrocoagulation have been elaborated covering the maximum 
applications and gains in the industrial sector in context with the literature. Chemical 
composition of the wastewater and associated risks to the environment and health has been 
included for the better understanding of the readers. A précised approach was used to make 
the methodology reproducible and effective by supporting it with diagrammatic 
representation of the experimental set up. Process description is made conceivable and 
discussed in context to the general information in the literature. A separate discussion is 
made to understand the advantageous hydrogen production in addition to the removal of 
contaminants from the wastewater. Mathematical derivations and graphic representations 
are frequently used to represent the Energy Efficiency of the Electrocoagulation of the 
wastewater in comparison with the tap water at different pH. This chapter is presenting a 
real image of conceptual Electrocoagulation in the light of experimental verification in 
relation to previous studies.  

Hydrogen is considered as an energy carrier like electricity and produces no green house 
gas or carbon dioxide when burnt in the presence of oxygen in related appliances including 
fuel cell or combustion engines. Hydrogen can be produced from different feedstock using a 
variety of techniques. Hydrogen is currently produced in large quantities from natural gas. 
Although, it is the cheapest way at present to produce hydrogen but the presence of carbon 
in methane is contributing to increase the global warming. A challenging problem in 
establishing H2 as a source of energy for the future is to establish the procedures to produce 
hydrogen in abundance without creating any environmental threats. This chapter will 
emphasize on the treatment of wastewater and simultaneous hydrogen production using 
Electrocoagulation. 

2. Technology description 

2.1. Mechanism of coagulation and electrocoagulation 

Industrial wastewater is in possession of impurities including colloidal particles and 
dissolved organic substances. The finely dispersed colloids or suspended solids are usually 
repelled by their outer layer of negative electrical charges and maintain the colloidal nature 
until treated by flocculants/coagulants for their removal. The process of flocculation and 
coagulation can be defined as “the ionic bridging between the finely divided particles to 
make flocs followed by their grouping into larger aggregates to be settled under gravity”. 
The terms; flocculation and coagulation can separately be restricted to the preparation of 
flocs and grouping of flocs into aggregates respectively. The mechanism involved is the 
neutralization of the charges on the suspended solids or compression of the double layer of 
charges on the suspended solids. Overdose of coagulants may reverse the charge at the 
outer layer of the colloidal particles to re-stabilize them in a reverse mode. The wastewater 
treatment and down streaming of industrial fluids can be performed by using a number of 
flocculating/coagulating agents based on chemical salts and organic polymers. 
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Figure 1. Gradual decrease in COD & turbidity during Electrocoagulation 

A wide variety of chemicals and organic compounds have been recognized as efficient 
agents to remove the suspended solids from the wastewater. Wastewater is a very general 
term and can be designated to any water after being utilized by the human activities. A 
range of industrial processes are involved to exhaust a variety of effluents with different 
nature of pollutants. The treatment by the chemicals as well as organic molecules depends 
on the nature of pollutants and pH conditions. Because of the different nature of pollutants, 
no specific strategy can be recognized as versatile treatment to all types of wastewaters. 
Organic polymers are considerably preferred as coagulating/flocculating agents because of 
their biodegradable nature as compared to the chemicals causing to produce activated 
sludge. Coagulation is in routine practice for the treatment of drinking water[9], wastewater 
and industrial effluents [10].  

Treatment of water using electricity was first proposed in UK in 1889 [11]. The application of 
electrolysis in mineral beneficiation was patented by Elmore in 1904 [11]. 
Electrocoagulation, precipitation of ions (heavy metals) and colloids (organic and inorganic) 
using electricity has been known as an ideal technology to upgrade water quality for a long 
time and successfully applied to a wide range of pollutants in even wider range of reactor 
designs [12-14]. Electrocoagulation is the technique to create conglomerates of the 
suspended, dissolved or emulsified particles in aqueous medium using electrical current 
causing production of metal ions at the expense of sacrificing electrodes and hydroxyl ions 
as a result of water splitting. Metal hydroxides are produced as a result of EC and acts as 
coagulant/flocculant for the suspended solids to convert them into flocs of enough density 
to be sediment under gravity. The electrical current provides the electromotive force to drive 
the chemical reactions to produce metal hydroxides.  

Following reactions are carried out at different electrodes: 

Anode: ݈ܣ − 3݁ →  ଷା݈ܣ

Alkaline condition:  ݈ܣଷା + ିܪ3ܱ →  ଷ(ܪܱ)݈ܣ
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Acidic condition:  ݈ܣଷା + ଶܱܪ3 → ଷ(ܪܱ)݈ܣ + ଶܱܪା 2ܪ3 − 4݁ → ܱଶ +  ାܪ4

Cathode: 2ܪଶܱ + 2݁ → ଶܪ +  ିܪ2ܱ

Dissociation of water by EC generate hydroxide ions which are known as one of the most 
reactive aqueous radical specie and this radical has the ability to oxidize organic compounds 
because of its high affinity value of 136 kcal [15]. The generated hydroxides or 
polyhydroxides have strong attractions towards dispersed particles as well as counter ions 
to cause coagulation. The gases evolved at the electrodes are also helpful to remove the 
suspended solids in upward direction [16].  

A number of electrochemical reactions are involved within the electrocoagulation reactor. 
Reduction of metal anodes is responsible to produce hydroxide complexes causing 
flocculation of suspended solids into stable agglomerates. Production of oxygen and 
hydrogen as a result of electrolytic dissociation of water molecules cause emulsified oil 
droplets to be freed from water molecules making a separate layer on the surface. The same 
mechanism is involved in case of dyes, inks and other type of emulsions. In the presence of 
chlorine, metal ions can make chlorides which are also helpful in flocculation/coagulation of 
the wastewater. The production of oxygen in the electrocoagulation chamber can oxidize or 
bleach the chemicals like dyes.  

System components and functions 

An Electrocoagulation reactor consists of anode and cathode like a battery cell, metal plates 
of specific dimensions are used as electrodes and supplied with adequate direct current 
using power supply. The metal plates known as sacrificial electrodes are usually connected 
in parallel connection with a specified inter electrode distance (1.5-3.5cm) and supplied 
electric current is distributed on all the electrodes depending on the resistance of the 
individual electrodes. Distance of the electrodes has a direct relationship with the 
consumption of electricity. An electrode is an electrical conductor used to make contact with 
a nonmetallic part of a circuit. In case of EC, electrodes are known to be sacrificed for the 
release of metal ions at the anode, and cathode is responsible to produce hydroxyl ions. 
Metallic electrodes sacrificed to produce ions in the water which ultimately neutralized the 
charges of suspended particles leading to coagulation. The released ions remove suspended 
solids by precipitation or flotation. Water molecules are usually in bonding with colloidal 
particles, oils, or other contaminants in the wastewater leading to stable suspension, EC 
caused ionization of the water molecules adhering the contaminants to convert them into 
insoluble moieties to be sediment under gravity or float depending on density.  

Experimental data to be presented in this chapter was generated by using the reactor with 
essential components as below: 
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Electrocoagulation cell was operated using rectifier, power supply with working range of 
electric current and voltage 0-60 amp and 0-15 volts respectively, ampere meter with digital 
working range 0-20 ampere and voltmeter with digital working range of 0-300 volt DC. 
Electrocoagulation was performed at different voltage (2, 3 and 4 volts). A reactor containing 
volume 20 liters of POME or water was used to conduct EC experiments (Fig. 1). The twelve 
aluminum plates were connected to a low voltage power supply. Six alternate plates were 
connected to the positive pole and the other six were connected to negative pole of the battery, 
thus acting as anode and cathode respectively. The weight of the plates was measured before 
and after the electrocoagulation. Aluminium plates were cut from commercial grade sheet 
(95%-99%) of 3 mm thickness as anode and cathode. POME samples were collected from Sri 
Ulu Langat Palm Oil Mill with COD, turbidity and pH around 50,000 mg/L, 2800 NTU and 4 
respectively. Water samples were collected from usual tap water in the laboratory, the pH of 
tap water was 6 to 8.5. The pH of the water was adjusted to pH 4 by using 1N HCl.  

2.2. Applications for different wastes 

Coagulation and precipitation of contaminants can be induced by electrocoagulation 
technology and addition of coagulation-inducing chemicals. As a result of EC, the liberated 
hydrogen also took part to remove the lighter suspended solids in upward direction. 
Electrocoagulation has been employed in treating wastewaters from textile, catering, 
petroleum, tar sand, and oil shale. It is also used to treat the carpet wastewater, municipal 
sewage, chemical fiber wastewater, oil–water emulsion, oily wastewater clay suspension, 
nitrite, and dye stuff from wastewater.  

Treatment of wastewater by EC has been practiced from pulp and paper industries[17], 
vegetable oil industries[18], textile industries [19-20], mining and metal-processing 
industries[21-22].  In addition, EC has been applied to treat water containing food waste, oily 
wastes, waste dyes, domestic wastewater etc. Copper reduction, coagulation and separation 
were also found by a direct current electrolytic process followed by sedimentation of the flocs 
by using EC [11]. This chapter is encompassing the details of Electrocoagulation of industrial 
effluent for the pretreatment and hydrogen production as an advantage. It has been 
explained that how the hydrogen production from industrial effluent may contribute to the 
cost effectiveness of the treatment process by producing extra revenue. 

2.3. Advantages of technology 

Electrocoagulation requires simple equipment and small area as compared to the 
conventional pond system which causes increase in the green house gases. 
Electrocoagulation is an alternative wastewater treatment that dissolves metal anode using 
electricity and provide active cations required for coagulation without increasing the 
salinity of the water [23]. Electrocoagulation has the capability to remove a large number of 
pollutants under a variety of conditions ranging from: suspended solids, heavy metals, 
petroleum products, colour from dye-containing solution, aquatic humus and 
defluoridation of water [23]. Electrocoagulation is usually recognized by ease of operation 
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and reduced production of sludge [24]. Aluminium and iron are suitable electrode 
materials for the treatment using electrocoagulation [25]. The removal efficiency of 
electrocoagulation using Aluminium electrodes was higher than that of using Iron 
electrodes [26]. Electrocoagulation process consists of two stages: (i) electro generation of 
the metal cations and their physical action on the pollutant, (ii) formation of the flocs, 
flocculation and settling upon addition of flocculating agents and under low stirring [27].  

 

 
Figure 2. Electrocoagulation of Palm Oil Mill effluent as Wastewater Treatment and Hydrogen 
Production using Electrode Aluminium 

 
Figure 3. Electrocoagulation of Palm Oil Mill effluent as Wastewater Treatment and Hydrogen 
Production using Electrode Aluminium 
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3. Experimental procedures 

Palm oil mill effluent (POME) was used as an electrolyte without any additive or 
pretreatment to perform electrocoagulation (EC) using electricity (Direct current) ranging 
from 2-4 volts in the presence of aluminum electrodes in a reactor volume of 20 liters. 
Investigations were made on the removal of pollutant like chemical oxygen demand (COD) 
and turbidity as a result of electrocoagulation of palm oil mill effluent (POME), and 
production of hydrogen gas as an advantageous step to meet the energy challenges. The 
results show that EC was responsible to reduce the COD and turbidity of POME 57% and 
62% respectively in addition to the 42% hydrogen production during electrocoagulation. 
Hydrogen production was also helpful to remove the lighter solids towards surface. The 
anode reaction was responsible to produce   Al (OH)3XH2O at aluminium electrode (anode) 
which is a very reactive agent for flocculation/coagulation of suspended solids. The 
production of hydrogen gas from POME during electrocoagulation was also compared with 
hydrogen gas production from tap water at pH 4 and tap water without pH adjustment 
under the same conditions to highlight the advantageous aspects hydrogen production and 
wastewater treatment simultaneously. The main advantage of this study was to produce 
hydrogen gas while treating POME with EC to reduce COD and turbidity effectively. A 
number of experiments were designed and findings are discussed in different sections.  

 
Figure 4. Electrocoagulation of Palm Oil Mill effluent as Wastewater Treatment and Hydrogen 
Production using Electrode Aluminium 

3.1. Methodology  

Materials and equipments 

Electrocoagulation cell was operated using rectifier, power supply with working range of 
electric current and voltage 0-60 amp and 0-15 volts respectively, ampere meter with digital 
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working range 0-20 ampere and voltmeter with digital working range of 0-300 volt DC. 
Electrocoagulation was performed at different voltage (2, 3 and 4 volts). A reactor 
containing volume 20 liters of POME or water was used to conduct EC experiments (Fig. 1). 
The twelve aluminum plates were connected to a low voltage power supply. Six alternate 
plates were connected to the positive pole and the other six were connected to negative pole 
of the battery, thus acting as anode and cathode respectively. The weight of the plates was 
measured before and after the electrocoagulation. Aluminium plates were cut from 
commercial grade sheet (95%-99%) of 3 mm thickness as anode and cathode. POME samples 
were collected from Sri Ulu Langat Palm Oil Mill with COD, turbidity and pH around 
50,000 mg/L, 2800 NTU and 4 respectively. Water samples were collected from usual tap 
water in the laboratory, the pH of tap water was 6 to 8.5. The pH of the water was adjusted 
to pH 4 by using 1N HCl. 

 

 
Figure 5. Electrocoagulation of Palm Oil Mill effluent as Wastewater Treatment and Hydrogen 
Production using Electrode Aluminium 

3.2. Removal of pollutants from industrial effluent 

Cell operation  

A comparative study was conducted by using the POME, tap water at pH 4 (pH was 
adjusted with acid) and tap water without pH adjustment as electrolyte during different 
run, each electrolyte was analyzed for pH, COD and turbidity before and after the run. The 
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pH of tap water was found in the range of pH 6.5-8.5 during different runs depending on 
the source of supply.  The experiments were conducted in batch system. Electrodes were put 
in the reactor as multiple channels; with inter-electrode distance of 3 cm [28]. To perform 
EC, direct current (DC) was used throughout the experiment which was being converted 
from alternating current by using power supply and rectifier. POME, tap water at pH 4 and 
tap water (without pH adjustment) samples were analyzed before and after electrolysis for 
pH, COD and turbidity using standard techniques and Equipments. Hydrogen 
concentration was also analyzed using gas chromatography. The electrode surface was 
mechanically rubbed with 400 grade abrasive paper to remove the rusting or deposits before 
each run. The experiments were carried out at different voltage values: 2, 3 and 4 volt, and 
the current were measured during each run. Standard deviations were calculated and 
plotted to facilitate the reproducibility of the data regarding measurements.  

3.3. Hydrogen production 

Hydrogen production 

A closed container was used to conduct the electrocoagulation; the container was connected 
to the peristaltic pump to collect the total gas (Fig. 1). The gas was collected at the rate of 900 
ml/minute at room temperature in the gas bags equipped with one way valves. The 
composition of the total gas was analyzed using gas chromatography (SRI 8610C, USA), 
equipped with a helium ionization detector (15 m length). The temperatures of the oven, 
injector and detector were 50, 100 and 200 °C respectively. 

Cumulative hydrogen gas (Fig. 9) was calculated using the following equation: 

 ௡ܸ = ൫ܳܺݔுమ൯ + ௡ܸିଵ   (1) 

Where ௡ܸ is the volume of hydrogen gas at n hours; Q is the flow rate of total gas; XH2 is the 
concentration of hydrogen gas in total gas; Vn-1 is the volume of hydrogen gas in total gas.  

The electrical energy supplied to the system was calculated using the following equation 

௘ܧ  =  (2)  ݐܫܸ

Where Ee is the electrical energy supplied by the DC power supply (J); V is the DC voltage 
applied; I is the current (A) and t (hour) is the duration of the DC voltage applied to the 
system. 

The amount of produced hydrogen gas was calculated using the following equation: 

 ܲ ுܸଶ = ቀ௠ெቁܴܶ (3) 

Where P denotes pressure in atm; VH2 denotes volume of the cumulative hydrogen 
calculated from equation (1); m denotes the mass of the cumulative hydrogen (g); M is the 
molar mass of hydrogen (2 g /mol); R is the gas constant (0.082 L atm. mol-1 K-1), T is 
denoting the room temperature (298 K). 
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The energy contents of the hydrogen gas were calculated using the equation 

ଶܪܧ  = ݉	 ቀ122 ௞௃௚ ቁ (4) 

where m denotes the mass of the cumulative hydrogen produced within a specified time 
period. 

Energy efficiency of the system was calculated by using the following equation 

݂ܧܧ  = ாுమா೐   (5) 

Energy efficiencies were determined by using electrolytes like water at pH 4, tap water, and 
POME at the expense of electrical inputs of 2, 3 and 4 volts. 

4. Results and discussion  

Electrocoagulation of POME was performed to reduce its polluting nature as well as 
hydrogen gas production. It was observed that the POME before electrocoagulation process 
was brown in color and after electrocoagulation became whitish in color. A remarkable 
reduction in the turbidity of POME can be visualized after electrocoagulation (Fig.2).  

Dynamic response of pH during electrocoagulation 

Kılıc M.G. and C. Hosten (2010) has mentioned that the optimum effectiveness of  EC can be 
achieved at pH 9.  Chen and Hung (2007) have described pH as an important factor in EC and 
variation in pH is usually caused by the solubility of metal hydroxides. They further reported 
that the pH of the effluent after electrocoagulation would increase for acidic influent, however 
pH would decrease for alkaline effluent [12]. Hydroxides, which are produced as a result of 
dissociation of water are known as one of the most reactive aqueous radical specie and this 
radical has the ability to oxidize almost all of the organic compounds because of its high 
affinity value of 136 kcal [15]. Figure 3 has shown the dynamic response of pH of POME at pH 
4, water at pH 4 and tap water (pH 6.6 to 8.2) using electricity at 2, 3 and 4 volt inputs. The pH 
of the POME under the influence of 2 volts was found near about constant, however a slight 
increase in pH was found using 3 and 4 volts of electricity with POME. Agustin et al (2008) has 
performed the EC of de-oiled POME in the presence of additional sodium chloride as 
electrolyte aid and reported the increase in pH value from 4.3 to 7.63. In our case, the study 
was performed by using raw POME as it was obtained from palm oil mill and no additional 
salts were added to enhance the conductivity. It was assumed that the formation of aluminium 
hydroxide at aluminium electrodes was leading to a simultaneous coagulation of the 
suspended solids followed by effective sedimentation under gravity. In case of EC of water 
(pH 4), the 2 volt input was able to increase the pH (4.23 to 6.18) as compared to the 3 volts 
input (4.34 to 5.76). However the use of 4 volts input was responsible to increase the pH value 
up to more than 6.5. Tap water at pH (6.6 to 8.2) was also investigated but there was no 
remarkable change in the pH of tap water after EC. EC of water at pH 4 and water at pH 6.5-
8.5   was conducted to compare the efficiency of hydrogen production at different pH of water 
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and ultimately to compare with POME at pH 4.0. It was observed that the EC of POME at pH 
4.0 is presenting better results as compared to the water at different pH. 
Electrolysis/electrocoagulation is closely associated with the variation of the pH and its effects 
on the experimental solutions. Different aluminium species are formed at the aluminium 
cathode (electrode) by the combination of the electro-dissolved Al3+ ions with hydroxyl ions to 
affect the pH [29]. The influence of the pH while studying the EC has also been reported by 
some other researcher’s e.g. Kobya et al ( 2003), has reported the pH increase from 3 to 11 
while conducting the EC using aluminium electrode with textile wastewater. A like trend was 
also achieved by some other researchers [30].  Hence, it has been concluded that the effect of 
pH is an important parameter influencing the performance of the EC process. 

Electrocoagulation for the removal of COD and turbidity from POME 

Reduction in the chemical oxygen demand (COD) is a key factor in waste water treatment. 
EC was performed to investigate the effects of electrochemical treatment of POME. The 
electrical inputs of 2, 3 and 4 volts were used to proceed the EC of POME to remove the 
COD and turbidity as well as hydrogen production. As a result of electrocoagulation, a 
gradual reduction in the color intensity and turbidity of the POME can be visualized with 
respect to time (Fig. 3). EC is responsible for the electrolytic dissociation of water to produce 
reactive specie (OH)- which facilitate the process of flocculation/coagulation of the potential 
pollutants in the POME. The reactivity of the (OH)-  ions and zeta potential has been 
described by Wang et al, Li, et al (2003). According to figure 4, a higher reduction in COD of 
POME was observed while proceeding electrocoagulation at 4 volts rather than at 2 and 3 
volts. Electrocoagulation was efficiently responsible to decrease the COD to 57.66% at 4 volts 
in 8 hours, on the other hand COD reduction at 2 and 3 volts were 42.8% and 56.16% 
respectively under same conditions. The combination of the Al3+ ions and highly reactive 
specie (OH)- is effectively known as flocculating/coagulating agent  to remove the 
suspended solids from the waste water [12]. However the total reduction of the COD and 
turbidity was also contributed by the upward flow of the hydrogen gas during 
electrocoagulation. Agustin et al (2008) have reported the removal of 30% COD as a result of 
EC of POME in six hours of operation time but our study has shown a greater reduction in 
the COD of POME as compared to their study [31].  

In this study, neither any additive was used to enhance the electrolytic efficiency of the 
electrolyte nor was the POME subjected to the extraction of oil or pH adjustment. This study 
was designed to treat the POME at the industrial level as an effective and primary treatment 
without any extra treatment or addition of chemicals. Agustin et al (2008) have reported a 
100% reduction in turbidity and only 30% reduction in COD after electrocoagulation of POME 
in the presence of sodium chloride, the high residual COD value in the transparent fluid might 
be attributed to the presence of some soluble salts due to sodium chloride. The efficiency of EC 
is also depending on the nature of effluent and processing time. Ugurlu et al (2008) has 
reported 75% removal of COD with paper mill effluent treatment but the initial COD of this 
effluent was 86 times lower than initial COD of POME [31]. O.T. Can has also reported 50% 
COD removal by conducting EC of textile wastewater with 10 minute operating time [32]. 



 
Electrocoagulation for Treatment of Industrial Effluents and Hydrogen Production 239 

Turbidity and COD have straight relation as caused by the presence of suspended solids. 
Removal of the COD might automatically reduce the turbidity to the lower level accordingly. 
According to Fig. 5, the maximum removal of turbidity achieved at electrical inputs of 4 volt 
in 8 hours operating time was 62%. The operating time and value of electrical input have a 
direct influence on the removal of COD and turbidity. Agustin et al (2008)  has reported a 
transparent fluid after six hours EC operating time but the experimental solution was still in 
possession of 70% residual COD. In our study removal of 57.66% of COD and 62% turbidity 
was not able to create the transparency; apparently a remarkable decrease in the color 
intensity was observed (Fig. 2). It was also observed during the experiments that long 
operating times, high voltage values, bubbling of hydrogen gas at cathode were supporting 
factors to remove the turbidity and COD from the electrolyte (POME), as it was previously 
reported by Kilic et al. [33]. Kilic and Hosten has also reported the removal of 90% turbidity 
while conducting EC of aqueous suspensions of kaolinite powders with concentration of 0.2 
g/L using electrical input of 40 volts, 20 minute operating time and NaCl as additive [34].  

Hydrogen production using electrocoagulation 

Production of hydrogen by the electrolytic dissociation of water is a usual practice but the 
production cost is considerably high [35-36]. It was assumed that any advantage 
accompanying with the electrolysis of water to produce hydrogen may compensate the 
actual operational cost partially. This study was launched with a specific objective to 
produce hydrogen gas as well as the pretreatment of palm oil mill effluent simultaneously 
to maintain the cost effectiveness of the process. The EC was designed to make pretreatment 
of POME in a closed container specially equipped with a gas collection system Fig. 1. Tap 
water at pH 4, tap water at pH 6.5-8.5 and POME were used as an electrolyte to conduct the 
EC with electrical inputs of 2, 3 and 4 volts separately. The pH of the POME was not 
adjusted but the pH of tap water was adjusted nearer to POME (pH 4) to compare the 
hydrogen production under the same conditions. Tap water pH (6.5 -8.2) was found varied 
at different times but not subjected to any adjustment of pH (Fig.7). The tap water was used 
to compare the efficiency of hydrogen production from water at different pH and ultimately 
to compare this hydrogen production efficiency from POME while simultaneous removal of 
pollutants. The above mentioned EC experiments have generated the data which is clearly 
representing a difference in hydrogen production from water and POME. The gas was 
collected at the rate of 900 ml/minute at room temperature in the plastic gas bags. The rate of 
total gas production was 54 L/h. The overall hydrogen production from tap water at pH 4 
and pH 6.5-8.5 was found below than 5% (v/v) of the total gas. In case of POME as an 
electrolyte, the maximum hydrogen production was estimated as 15% (v/v), 30% (v/v) and 
42% (v/v) at different electrical inputs of 2, 3 and 4 volts respectively. Phalakornkule et al  
have reported 0.521 x 103 m3 (6.252 x 106 liter/hour) hydrogen gas production using EC in 
five minutes from waste water containing dyes [37]. Take et al have investigated hydrogen 
production by using  methanol-water solution as an electrolyte keeping cathode and anode 
separate from each other by a membrane and reported that the hydrogen in cathode exhaust 
gas was 95.5-97.2 mol% [38].  In our study, the maximum hydrogen gas produced was about 
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22.68 liters/hour and an efficient reduction of COD and turbidity of POME by as much as 
57% and 62% was achieved respectively.  

To determine energy efficiency 

Energy efficiency (EEf) can be defined as the output obtained in the form of hydrogen gas 
on the expense of electrical energy provided to the reactor for a certain time period. The 
energy efficiency was calculated as described in material and equipments using equations 
(1-5). The EEf showed some variations while using water at pH 4, water at pH (6.5-8.5) and 
POME during electrolysis/electrocoagulation. The highest energy efficiencies were 
determined while using water at pH 4.0, water at pH (6.5-8.5) and POME with electrical 
inputs of 2 volts (Fig. 8). Energy efficiency for the treatment of POME as well as hydrogen 
production was also determined and plotted separately (Fig. 9). Although, energy efficiency 
was not so high while using POME as an electrolyte but can be further improved by 
standardizing the conditions regarding inter-electrode distance, nature of electrodes and 
proper dilution of POME. EEf was found increasing with the passage of time while using 
water at pH 4 and water at pH (6.5-8.5), however the EEf of POME was not subjected to any 
remarkable increment with respect to time (hours). Kargi et al (2001) have reported the 
hydrogen production by using electrolysis of anaerobic sludge with EEf of 74%, but they 
have used the serum bottles containing 1L sludge [39]. The low EEf values in our study 
might be due to the large volume of the electrolyte and can be improved further by 
standardizing the conditions regarding inter-electrode distance, nature of electrodes and 
proper dilution of POME. 

Palm oil mill effluent can be treated by using environment friendly electrocoagulation, and 
hydrogen gas can be obtained as revenue to compensate the treatment cost of POME. EC of 
POME can be performed by using small area as compared to the conventional 
aerobic/anaerobic pond system. Hydrogen gas was also found helpful to remove the 
suspended solids towards surface. This study is presenting an approach towards 
environment friendly treatment of POME and hydrogen production as an alternative energy.  

Author details 
Ehsan Ali* and Zahira Yaakob 
Department of Chemical and Process Engineering. Faculty of Engineering and Built Environment. 
University Kebangsaan Malaysia. Selangor Darul Ehsan Bangi 43600 Malaysia 

5. References 
Eddy, M.a., Inc Wastewater Engineering, Treatment and Reuse. 4th Edition, 2003. McGraw-Hill, 

New York, (2003) 545-644. 
Norulaini, N.A.N., et al., Chemical coagulation of settleable solid-free palm oil mill effluent 

(POME) for organic load reduction. J. Ind. Technol., 2001. 10: p. 55-72. 

                                                                 
* Corresponding Author 



 
Electrocoagulation for Treatment of Industrial Effluents and Hydrogen Production 241 

Nasution, M.A., et al., Electrocoagulation of Palm Oil Mill Effluent as Wastewater Treatment and 
Hydrogen Production Using Electrode Aluminum. ournal of Environmental Quality, 2011. J 
2011 40: 4: 1332-1339 doi:10.2134/jeq2011.0002. 

Sumathi, S., S.P. Chai, and A.R. Mohamed, Utilization of oil palm as a source of renewable energy 
in Malaysia. Renewable and Sustainable Energy Reviews, 2008. 12 p. 2404–2421. 

Stichnothe, H. and F. Schuchardt, Comparison of different treatment options for palm oil 
production waste on a life cycle basis. Int J Life Cycle Assess, 2010. 

Ahmad, A.L., S. Ismail, and S. Bhatia, Water recycling from palm oil mill effluent (POME) using 
membrane technology. Desalination 2003. 157 p. 87-95. 

Ahmad, A.L., M.F. Chong, and S. Bhatia, A comparative study on the membrane based palm oil 
mill effluent (POME) treatment plant. Journal of Hazardous Materials 2009. 171: p. 166–174. 

Wulfert, K., et al., Treatment of POME in Anaerobic Fixed Bed Digesters, in International Oil 
Palm Conference. 2002. 

Zainal-Abideen, M., et al., Optimizing the coagulation process in a drinking water treatment plant 
-- comparison between traditional and statistical experimental design jar tests. Water Sci 
Technol, 2012. 65(3): p. 496-503. 

Dovletoglou, O., C. Philippopoulos, and H. Grigoropoulou, Coagulation for treatment of paint 
industry wastewater. J Environ Sci Health A Tox Hazard Subst Environ Eng, 2002. 37(7): p. 
1361-77. 

Chen, G., Electrochemical technologies in wastewater treatment. Separation and Purification 
Technology, 2004. 38: p. 11-41. 

Chen, G. and Y.-T. Hung, Electrochemical Wastewater Treatment Processes, in Handbook of 
Environmental Engineering, Volume 5: Advanced Physicochemical Treatment Technologies, 
L.K. Wang, Y.-T. Hung, and N.K. Shammas, Editors. 2007, The Humana Press Inc.,: 
Totowa, NJ. p. 57-105. 

Kobya, M., O.T. Can, and M. Bayramoglu, Treatment of textile wastewaters by electrocoagulation 
using iron and aluminum electrodes. Journal of Hazardous Materials 2003. B100: p. 163–178. 

Ayhan, I., Sengil, and M. ozacar, Treatment of dairy wastewaters by electrocoagulation using mild 
steel electrodes. Journal of Hazardous Materials, 2006. B137: p. 1197–1205. 

Li, Y., et al., Aniline degradation by electrocatalytic oxidation. Chemosphere, 2003. 53: p. 1229–1234. 
Liu, H., X. Zhao, and J. Qu, Electrocoagulation in Water Treatment, in Electrochemistry for the 

Environment, C. Comninellis and G. Chen, Editors. 2010, Springer Science+Business 
Media: New York. p. 245-262. 

Vepsalainen, M., et al., Precipitation of dissolved sulphide in pulp and paper mill wastewater by 
electrocoagulation. Environ Technol, 2011. 32(11-12): p. 1393-400. 

Nasution, M.A., et al., Electrocoagulation of Palm Oil Mill Effluent as Wastewater Treatment and 
Hydrogen Production Using Electrode Aluminum. J. Environ. Qual., 2011. 40(4): p. 1332-1339. 

Kobya, M., M. Bayramoglu, and M. Eyvaz, Techno-economical evaluation of electrocoagulation for the 
textile wastewater using different electrode connections. J Hazard Mater, 2007. 148(1-2): p. 311-8. 

Aouni, A., et al., Treatment of textile wastewater by a hybrid electrocoagulation/nanofiltration 
process. J Hazard Mater, 2009. 168(2-3): p. 868-74. 

Kumarasinghe, D., L. Pettigrew, and L.D. Nghiem, Removal of heavy metals from mining 
impacted water by an electrocoagulation-ultrafiltration hybrid process. Desalination and 
Water Treatment, 2009. 11(1-3): p. 66-72. 



 
Electrolysis 242 

Parga, J.R., et al., Cyanide Detoxification of Mining Wastewaters with TiO(2) Nanoparticles and Its 
Recovery by Electrocoagulation. Chemical Engineering & Technology, 2009. 32(12): p. 1901-
1908. 

Holt, P., G. Barton, and C. Mitchell, Electrocoagulation as Wastewater Treatment, in The Third 
Annual Australian Environmental Engineering Research Event. 1999: Castlemaine, Victoria  

Emamjomeh, M.M. and M. Sivakumar, Review of pollutants removed by electrocoagulation and 
electrocoagulation/flotation processes. Journal of Environmental Management, 2009. 90(5): 
p. 1663-1679. 

Zongo, I., et al., Removal of hexavalent chromium from industrial wastewater by electrocoagulation: 
A comprehensive comparison of aluminium and iron electrodes. Separation and Purification 
Technology, 2009. 66(Elsevier): p. 159–166. 

Wang, C.-T., W.-L. Chou, and Y.-M. Kuo, Removal of COD from laundry wastewater by 
electrocoagulation/electroflotation. Journal of Hazardous Materials, 2009. 164(1): p. 81-86. 

Khemis, M., et al., Treatment of industrial liquidwastes by electrocoagulation: Experimental 
investigations and an overall interpretation model. Chemical Engineering Science, 2006. 61: p. 
3602-3609. 

Cerqueira, A., C. Russo, and M.R.C. Marques, Electroflocculation for textile wastewater 
treatment Braz. J. Chem. Eng.  , 2009. 26(4). 

Pornsawad, A. and N. Pisutpaisal, Treatment of palm oil mill effluent using electrocoagulation 
technique with aluminium plates as elctrodes, in 35th Congress on Science and Technology of 
Thailand. 2009: Chonburi, Thailand. 

Othman, F., et al., Enhancing Suspended Solids Removal From Waswater using Fe Electrodes. 
Malaysian Journal of Civil Engineering, 2006. 18(2): p. 139-148. 

Agustin, M.B., W.P. Sengpracha, and W. Phutdhawong, Electrocoagulation of Palm Oil Mill 
Effluent. International Journal of Environmental Research and Public Health, 2008. 5(3): 
p. 177-180. 

Can, O.T., et al., Treatment of the textile wastewater by combined electrocoagulation. 
Chemosphere, 2006. 62: p. 181–187. 

Kılıc, M.G., C. Hosten, and S. Demirci, A parametric comparative study of electrocoagulation and 
coagulation using ultrafine quartz suspensions. Journal of Hazardous Materials, 2009. 171: 
p. 247–252. 

Kılıc, M.G. and C. Hosten, A comparative study of electrocoagulation and coagulation of aqueous 
suspensions of kaolinite powders. Journal of Hazardous Materials, 2010. 176: p. 735-740. 

Barbir, F., PEM electrolysis for production of hydrogen from renewable energy sources. Solar 
Energy, 2005. 78: p. 661–669. 

Stojic, D.L., et al., Hydrogen generation from water electrolysis—possibilities of energy saving. 
Journal of Power Sources, 2003. 118: p. 315–319. 

Phalakornkule, C., P. Sukkasem, and C. Mutchimsattha, Hydrogen recovery from the 
electrocoagulation treatment of dye-containing wastewater. International Journal of 
Hydrogen Energy 2010. 35: p. 10394-10943. 

Take, T., K. Tsurutani, and M. Umeda, Hydrogen production by methanol–water solution 
electrolysis. Journal of Power Sources, 2007. 164: p. 9–16. 

Kargi, F., E.C. Catalkaya, and S. Uzuncar, Hydrogen gas production from waste anaerobic sludge 
by electrohydrolysis: Effects of applied DC voltage. international journal o f hydrogen energy 
2011.36: p. 2049 -2056  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


