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Abstract. The production of palm oil mill effluent (POME) has caused serious environmental hazards. The most popular 
treatment for POME is biological treatment (anaerobic digestion method) by adopting the ponding system. Anaerobic 
sludge solids build-up in the ponding system has been accepted as a feature of anaerobic digestion of POME. While 
anaerobic digestion is widely accepted as a viable and cost-effective method. For the treatment of POME, anaerobic 
treatment alone has difficulty meeting the Department of Environment (DOE) Malaysia discharge limits due to the high 
organic content. Hence, subsequent post-treatment such as advanced oxidation process treatment is vital to meet the 
discharge limits. The current study evaluated the effectiveness of the combined oxidation method by using heat and 
transition metal (iron oxide) to activate persulphate as a post-treatment of biologically treated palm oil mill effluent 
(BIOPOME). The performance was assessed by measuring the efficiency in terms of the removal of chemical oxygen 
demand (COD) and colour. The maximum removal efficiency per litre of BIOTPOME was 64 - 69% (COD) and 88 - 
93% (Colour) at a temperature of 60 C, pH 9, dosage of 2.03 g iron II salt and 1.28 g persulfate. The process was 
effective to further make the wastewater amenable to discharge in the environment.   

INTRODUCTION  
The palm oil mills are required to adhere to prescribed regulations in the Environmental Quality Act and 

Regulations which governs the discharge of mill effluent into watercourses and land [1]. There are several 
drawbacks for conventional aerobic and anaerobic digestion treatment, such as, large land area requirement, 
digester requirement and long hydraulic retention time (HRT) even though it is low cost. Until now, biologically 
treated POME still has a higher BOD and COD compared to discharge standard required. The conventional system 
has often failed to meet the standard discharge limit set by both Department of Environment (DOE) Malaysia and 
Environment Quality Act (EQA) 1974 [2]. Therefore, advanced oxidation processes (AOPs) are suggested as an 
alternative to further complete the treatment of the POME. Persulfate oxidation of POME is herein proposed. 
Persulfate is an oxidant with strong oxidizing ability and it is relatively cheap. Peroxymonosulfate (PMS) or 
persulfate (PS) is a chemical which can be activated to form sulfate radical, which is a strong oxidant for rapid and 
effective degradation of contaminants. Peroxymonosulfate (PMS) or persulfate (PS), is commercially available by 
the trade names Oxone with the composition 2KHSO5·KHSO4·K2SO4 and can be effectively activated by transition 
metal for field application [3]. Some other studies have reported the polishing of POME using electrocoagulation 
and electro persulphate oxidation removing about 77% COD, 97% colour and 99% suspended solids [4], Fenton 
oxidation removing about 61% for both colour and COD and producing a large iron sludge requiring secondary 
handling [5] and combined hydrogen peroxide/persulphate treatment removing COD, NH3-N, and SS of 36.8%, 
47.6%, and 90.6%, respectively and required hydrogen peroxide to enable the removals reach those values [6]. In 
addition, there is no comparison of persulphate activation by iron oxide Fe2+ and Fe3+ for treatment of POME. 
Further to this, investigation of the effects of pH, transition metals (iron oxide Fe2+ and Fe3+) and heat activation of 
persulphate for the degradation of biologically treated POME without energy cost and addition of any chemicals 
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are not reported yet. The performance of the treatment process in terms of the COD and colour removal efficiency 
was monitored.  

MATERIALS AND METHODS Materials  
Palm oil mill effluent (POME), Ferrous iron (2+), Ferric iron (3+), Sodium hydroxide(NaOH), Hydrochloric acid 
(HCl) were used were the study.  

Wastewater Sample Collection  
POME was collected from a nearby local production mill in Sibu, Sarawak, Malaysia. It was collected from the aerobic 
bioreactor pond of the POME treatment. The POME were freshly collected when needed.  

  

FIGURE 1: Ponding of Palm Oil Mill Effluent at the Mill  

Chemicals  
Sodium Persulfate (Na2S2O8), Iron II Sulfate (FeSO4), and Iron III Sulfate, Fe2(SO4)3 were obtained from R & M 
Marketing, Essex, UK.   

Experimental  

Based on Lin et al. [6] study, optimum COD removal was obtained by applying sodium persulfate to COD (S2O8
2- : COD 

(g/g)) molar ratio at 2:1 ratio by weight. All other molar ratios were obtained with reference to this study. This ratio was 
adopted from the beginning of our experiment in order to estimate other dosages (Fe2+ and Fe3+). About 0.256 g 
persulphate was the optimum dosage required to treat a 200 mL of POME sample having a COD 509 mg/L. 
Persulphate/iron (II) and persulphate/iron (III) dosage were determined using molar mass ratios. That is, molar mass 
ratio of persulphate/iron (II) was 0.256g: 0.162 g and that of persulphate/iron (III) was 0.256 g: 0.430 g. To perform the 
pH adjustment 1M sodium hydroxide or 1M hydrochloric were used when required. The filtered sample were examined 
for COD and colour removal efficiency after each experiment. In order to carry out the experiment, about 200 mL of 
POME was put inside 250 mL beaker. Thereafter, activation through study of the effects of pH or transition metals (Iron 
(II) sulphate / persulphate Molar Ratio and Iron (III) sulphate / persulphate Molar Ratio) and heat was followed, while 
the beaker was agitated on an orbital shaker for the appropriate reaction time.   

Analytical Methods  
Chemical oxygen demand was measured according to the Standard Methods 8000 [7] using Hach reagent. 

Colorimetric determination of COD was carried out at 620 nm using a Hach spectrophotometer DR 6000. A pH meter 
(Hach Sension 4) with a pH electrode (Hach platinum series pH electrode model 51910, HACH Company, USA) was 
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used for pH measurement. The pH meter was calibrated with pH 4.0, 7.0 and 10.0 buffers. Colour was measured 
according to the Standard Method 8025. Colorimetric determination of colour was carried out at 620 nm using a Hach 

spectrophotometer DR 6000. Temperature was varied using the orbital shaker which generated heat as well.  

RESULT AND DISCUSSIONS  

Persulphate Treatment of POME  

In order to study the effect of persulphate oxidation, the operational pH, contact time, and temperature were investigated 
for the removal of COD and colour.      

Effect of pH adjustment  

The pH value of a solution is a very important factor that affects the performance of wastewater treatment process [8]. 
The effect of pH was studied with the following initial conditions; persulfate (S2O8

2-) to chemical oxygen demand (COD) 
ratio at 2:1. Five 200 mL conical flasks of POME with different pH (3, 5, 8, 11, and 12) of POME were adjusted 
accordingly. The S2O8

2- concentration was fixed at 0.256 g per 200 mL POME. After adding 0.256 g of persulphate to 
each flask, they were placed inside the SI 300 orbital shaker under controlled temperature. It was observed that pH 12 
had the highest COD removal (FIGURE 2). In a related study [6], it was reported that pH above 11 is very effective at 
initiating the formation of sulfate radicals. Thus, persulphate degradation forms SO4

.- that can undergo radical inter 
conversion to form HO• under alkaline conditions [9].  

 

FIGURE 2: Effect of pH on Persulphate treatment of POME in terms of COD and Colour removal  

Effect of Contact Time  

The effect of time was studied in order to determine the best contact time that will give the highest pollutant removal 
efficiency. The persulphate concentration was fixed at 0.256 g per 200 mL POME. Four 200 mL conical flasks of POME 
at pH 12 were prepared. After adding 0.256 g of S2O8

2- to each flask, they were placed inside the SI 300 orbital shaker 
under controlled temperature (30 C), rate of shaking (200 rpm) and contact time (10, 20, 40 and 60 min). It was observed 
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that the optimum removal time for COD and colour was 20 min. (FIGURE 3). The optimum time represents the free 
radicals attack on the POME pollutants and this case, it shows a rapid kinetics due to the fast production of radicals [10].  
  

 

FIGURE 3: Effect of Contact on Persulphate treatment of POME in terms of COD and Colour removal  

Effect of Temperature  

The effect of temperature was studied in order to determine the optimized temperature that will give the highest pollutant 
removal efficiency. The persulphate concentration was fixed at 0.256 g per 200 mL POME. Three 200 mL conical flasks 
of BIOTPOME at pH 12 were prepared. After adding 0.256 g of persulphate to each flask, they were placed inside the 
SI 300 orbital shaker for a duration of 20 min and at a shaking rate of 200 rpm while varying temperature from 40 to 
60C. It was observed that there was change in COD and colour removal due to the heat applied to the POME being 
treated. It has been reported that increasing the reaction temperature minimally accelerate the degradation process due 
to the increased reaction rate through heating [11] as seen in FIGURE 4.  
  

 

FIGURE 4: Effect of Temperature on Persulphate treatment of POME in terms of COD and Colour removal.  

Iron (II) Activation of Persulphate for Treatment of POME  

In this phase of the experiment, iron (II) activated the persulphate producing sulphate radicals to react with the POME 
in an attempt to decontaminate the pollutants. The operating condition for optimum removal of COD and colour were 
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thereafter obtained. The effect of iron (II) activation of persulphate in terms of pH, temperature and dosage of iron (II) 
were studied.  

Effect of pH Adjustment  
   
In an attempt to know the desirable pH, 6 flasks with a persulphate concentration were fixed at 0.256 g per         200 mL 
POME with different pH (3, 5, 7, 9, 11, and 12) were prepared. The iron (II)/persulphate molar ratio of 2.5:1, was then 
added to each flask. They were placed on the SI 300 shaker for a reaction time of 20 min at a temperature of 60 C. The 
result as shown in FIGURE 5 indicates that the optimum pH for the removal of COD and colour were 69% and 93 %, 
respectively at pH 9. The reactivity of persulfate is extremely dependent on activation techniques and under high pH, 
persulfate is known to activate and undergo the formation of sulfate radicals [12].  

 

FIGURE 5: Effect of pH on Iron (II) activation of Persulphate in terms of COD and Colour removal  

Iron (II) sulphate / persulphate Molar Ratio  

The persulphate concentration was fixed at 0.256 g per 200 mL POME. Six different iron (II) sulphate / persulphate 
molar ratio (0.5:1, 1:1, 1.5:1, 2:1, 2.5:1, and 3:1) were conducted at pH 9, contact time of 20 min and 60 C temperature 
in order to study the effect of oxidant concentration on the degradation of POME. The result of the study is presented in 
FIGURE 6. The dosage ratio were based on already estimated dosage from the molar mass. The highest COD and colour 
removal efficiency were found to be 2.5:1 with a removal efficiency of 69 % and 90.6%, respectively. The further 
increase in dosage decreased the efficiency of the process. This was probably due to the scavenging of the radicals by 
additional Fe2+ [5].  
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FIGURE 6: Effect of Iron (II)/Persulphate molar ratio in terms of COD and Colour removal  

Effect of Temperature  

In an effort to determine the optimum temperature region for the treatment, the persulphate concentration was fixed at  
0.256 g per 200 mL POME, a 20 min contact time, 200 rpm shaking rate, iron (II) sulphate / persulphate molar ratio was  
2.5 and temperature was varied from 40 to 60 C. Three 200 mL conical flasks of POME at pH 12 were placed on the SI 
300 orbital shaker and were observed. The highest removal of COD and colour were at 60 C or higher. The results are 
shown in FIGURE 7. Liang et al. [13] reported that in general the rate of persulfate activation increases with the 
temperature of persulfate solutions. Similarly, increasing the reaction temperature significantly accelerate the 
degradation process due to the increased reaction rate through heating [11].  
  

 

FIGURE 7: Effect of Temperature on Iron (II) activation of Persulphate in terms of COD and Colour removal  

  

020007-6



Iron (III) Activation of Persulphate for Treatment of POME  

In this phase of the experiment, iron (III) activated the persulphate producing sulphate radicals to react with the POME 
in order to degrade the pollutants. The operating condition for maximum removal of COD and colour were thereafter 
obtained. The effect of iron (III) activation of persulphate in terms of pH, temperature and iron (III)/persulphate molar 
ratio were studied.  

Effect of pH Adjustment  

In order to obtain the desirable pH in this study, 5 flasks were prepared at iron (III)/persulphate molar ratio 2:1 and at a 
fixed persulphate concentration of 0.256 g per 200 mL POME while varying pH (5, 9, 11, and 12) conditions. All flasks 
were thereafter placed on the SI 300 orbital shaker for a duration of 20 min at 50 C temperature. The result shown in 
FIGURE 8 indicates that the optimum removal of COD was at pH 11 (57.8%) and colour removal was at pH 12 (92.4%). 
The reactivity of persulfates is extremely dependent on activation techniques and under high pH, persulfate is known to 
activate and undergo the formation of sulfate radicals [12]. The pH 11 was accepted for the subsequent treatments.  

  

FIGURE 8: Effect of pH on Iron (III) activation of Persulphate in terms of COD and Colour removal  

Iron (III) sulphate/persulphate Molar Ratio  

Six different iron (III) sulphate / persulphate molar ratios (0.5:1, 1:1, 1.5:1, 2:1, 2.5:1, and 3:1) were investigated at pH  
11, contact time of 20 min and at a temperature 50 C in order to study the effect of oxidant concentration in terms of 
COD and colour removal in the POME. The persulphate concentration was fixed at 0.256 g per 200 mL POME. The 
result of the study is presented in FIGURE 9. The dosage ratio was based on the molar mass. The highest COD and 
colour removal efficiency were obtained at 2:1 molar ratio, having a removal efficiency of 55.9 and 90.2%, respectively. 
Further increase in dosage decreased the efficiency of the process. This was probably due to the scavenging of the already 
produced radicals by additional Fe2+ [5].  
  

Effect of Temperature  

The effect of temperature was studied to determine the most appropriate that would give the highest removal efficiency. 
Fixed persulphate concentration of 0.256 g per 200 mL POME was applicable from the iron (III) sulphate / persulphate 
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molar ratio 2:1 obtained earlier. Three 200 mL conical flasks of POME at pH 11 were prepared. Thereafter 0.256 g of 
was added to each flask. All three flasks were then placed on the SI 300 orbital shaker for a reaction time of 20 min, 200 
rpm shaking rate while the temperatures were varied (40, 50, and 60 C). It was observed that the removal of COD and 
colour were optimum at 50 C (FIGURE 10).  Similar reports by Liang et al. [14] showed that the rate of persulfate 
activation increases with an increase in temperature of wastewater containing persulfate. This is due to the increased 
reaction rate through heating of the solution [11].  

  
  

 

FIGURE 9: Effect of Iron (III)/Persulphate molar ratio in terms of COD and Colour removal  

 

FIGURE 10: Effect of Temperature on Iron (III) activation of Persulphate in terms of COD and Colour removal.  
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CONCLUSION  

In this study, iron (II) and iron (III) have been used to activate persulphate in order to investigate their combined 
performance in terms of removal of COD and colour from POME. The COD and colour removal efficiency are quite 
significant and the following conclusions can be drawn from the study.  
Increasing pH in the presence of persulphate alone, could lead to increasing the percentage of COD and colour removed. 
Alkaline phase gave more removal when compared to acidic phase. Iron (II) activation of persulfate shows quite a higher 
performance than iron (III). For iron (II) and iron (III) optimum performance, iron (II)/persulphate molar ratio 1:2.5, pH 
9 and a temperature of 60 C while for iron (III)/persulphate molar ratio 1:2, pH 11 and a temperature of 50 C  respectively 
were obtained. Final effluent was 157. 8 to 183.2 mg/L for COD and 35.6 to 61.1 mg/L for colour. This may need further 
treatment to meet Malaysian effluent discharge standards according to EQA 1974 guidelines (DOE, 1999).  
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