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 Current practice which utilized aerobic process to treat anaerobically treated palm oil 

mill effluent (AT–POME) still required much time due to the long hydraulic retention 

time (HRT) and start–up time. This experiment study the characteristics of AT–POME 
and the removal of organic pollutants from the solution by an aerated heterogeneous 

sono–Fenton process. Nano zero valent iron (nZVI) dispersed by vigorous aeration and 
low frequency ultrasound (24 kHz) were used in the treatment process. The effect of 

flow rate, power input, ultrasonic duration and reaction time on chemical oxygen 

demand (COD) removal from AT–POME was investigated and optimized. Results 
show that AT–POME contain 4568 mg/L of COD. Model predicted that approximately 

93% of the COD content could be removed from AT–POME at optimum condition of 

the treatment process. The degradation data show that the COD removal from AT–
POME via aerated heterogeneous sono–Fenton process experienced a biphasic 

behaviour and it well fitted with second–order kinetic model. The overall results 

indicate that aerated heterogeneous sono–Fenton process is a promising way to 
accelerate the removal of COD from AT–POME, thus could save the overall treatment 

time for raw palm oil mill effluent (POME).     
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INTRODUCTION 

 

In 2013, Malaysia was recorded as the world’s second largest producer of palm oil with the production of 

20.9 million tonnes of crude palm oil (CPO) [1]. This crude palm oil was produced from 429 palm oil mills 

located all over Malaysia. Fig. 1 shows the number of palm oil mills in Malaysia by year, and the trend shows 

that the number of mills is increasing over the years. As all oil palm mills in Malaysia utilize a wet milling 

method, a lot of water is used during the milling process. This results in a significantly large production of 

wastewater called palm oil mill effluent (POME). It is estimated that for every tonne of crude palm oil yield, 2.5 

tonnes of raw palm oil mill effluent (POME) is produced [2]. 

POME contains extremely high quantities of organic content, for which the chemical oxygen demand 

(COD) and biological oxygen demand (BOD) are 55, 775 mg/l and 25, 545 mg/l respectively [3]. Due to the 

extreme organic pollutant loading, palm oil mills employ multiple stages of treatment to ensure that the POME 

complies with the discharge standard enforced by the local authority.  

As an anaerobic treatment process properly treats wastewater containing high organic loading, most mill 

employ this type of treatment at their primary stage. In addition, studies by Poh [4], Choi [5] and Zinatizadeh [6] 

also demonstrated the success of anaerobic process to treat POME. However, the drawbacks of anaerobic 

treatment are long hydraulic retention times (HRT) and long start-up period [7]. As for example, anaerobic pond 

method required HRT of 40 days to remove 97.8% of COD content in POME [8] while high rate system such as 

closed tank digester still required 10 days of HRT [9].  
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Fig. 1: Number of mills in Malaysia by year. 

    

In order to save the treatment time, the later treatment process should be fast enough to treat the 

anaerobically treated palm oil mill effluent (AT–POME). Currently, aerobic process particularly aeration pond 

is widely used by the mills to treat POME at secondary level. In addition, other aerobic process such as 

sequencing batch reactor (SBR) system [10] and activated sludge process [3] also has been studied to treat AT–

POME. In the studies, SBR and activated sludge process were capable to remove 82 % and 98 % of COD 

content at HRT of 3 days and 2.5 days respectively. Although the retention time is relatively lower compared to 

anaerobic process, other options for secondary treatment should be consider to accelerate the overall treatment 

process.  

Hence, instead of using conventional treatment method, we applied an advanced Fenton process to treat 

AT–POME. Unlike classical Fenton, an aerated heterogeneous sono–Fenton process combines nano zero valent 

iron (nZVI) and low frequency ultrasound to treat AT–POME. In most cases, the external energy (ultrasound) 

was delivered by immersing the titanium horn tranducer directly into the wastewater during the treatment 

process [11, 12, 13] while in some studies, piezoelectric transducer were used [14, 15].       

However, the efficiency of treatment process which utilised ultrasound is affected by reactor diameter and 

height (volume). Thangavadivel [16] in his study had suggested the ratio between the reactor diameter and 

transducer diameter should be at 1.45 when ultrasound at 200 kHz to be used in treatment process. While for 

titanium horn type, when low frequency ultrasound to be employed, the suggested volume for each size of horn 

is given in Table 1 [17].  

 
Table 1: Titanium horn tip diameter and recommended process volume for 24 kHz ultrasound [17] 

Tip diameter (mm) Recommended volume 

1.4 500 µL to 10mL 

4 300µL to 15mL 

9.5 5 – 200 mL 

12.7 10 – 300 mL 

19.0 25 – 600 mL 

25.4 50 – 1000 mL 

 

When using a low frequency ultrasound, besides of having a bigger titanium horn or piezoelectric 

transducer to treat large amount of wastewater, another option is to flow small amount of wastewater 

continuously in a small confined space (ultrasonic flow chamber).  This approach seems very promising as low 

frequency sonochemical appear to be a surface effect [18], which it is confined to a thin zone in intimate contact 

with the tip of the horn. Due to this effect, cavitation of liquid only happen near to the surface of the transducer. 

 

Thus, in this study, we examined the effect of AT–POME flow rate into the ultrasonic flow chamber, ultrasound 

(at different power input and its duration) and the reaction time on COD removal from AT–POME. In addition, 

we also compare the removal efficiency of COD from AT-POME with the absence of ultrasound during the 

treatment process. 

  

MATERIALS AND METHODS 

 

2.1  Materials/chemicals: 

Sulfuric acid (H2SO4) (Merck, 95-97%), sodium hydroxide (NaOH) (Merck, M=40g/mol), hydrogen 

peroxide (H2O2) (R&M Chemicals, 30%), nZVI particles by (Nanofer Star by NANO IRON) and AT-POME 

from KKS East Mill, Sime Darby Plantation Sdn. Bhd. 
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2.2 Experimental design and statistical analysis: 

Experimental design and statistical analysis were performed using Design Expert software (version 7.1). 

The Box-Behnken Design (BBD) and Response Surface Methods (RSM) were used to set up the experimental 

protocols and optimize the independent process variables for aerated heterogeneous sono–Fenton process. The 

variables and their levels are summarized in Table 2.   The COD removal efficiency was selected as the 

dependent response variable for aerated heterogeneous sono–Fenton process.  

 
Table 2: Coded levels and independent variables for the experimental design for aerated heterogeneous sono–Fenton.  

Factor Variables Level  

  -1 0 1 

A Power input (watt) 50 100 150 

B Working cycle (%) 10 40 70 

C Reaction time (min) 30 135 240 

D Flow rate (l/min) 3 6.5 10 

 

The analysis of variance (ANOVA) was conducted using Design Expert software (version 7.1) to analyze 

the result and to check the significance of the fitted models. On the other hand, the interaction between the 

variables was illustrated by the contour plots. The optimum process parameters for aerated heterogeneous sono–

Fenton process was calculated using the fitted model. 

 

2.3 Aerated heterogeneous sono–Fenton process: 

 The aerated heterogeneous sono–Fenton process was performed in a 250 ml reactor as illustrated in Fig.2. 

100 ml of AT-POME was placed inside the reactor and the pH was adjusted to pH 2 using 0.5M H2SO4. The pH 

adjustment was done to suit the condition for Fe
2+

 production by nZVI [19].  

 

 
 

Fig. 2: An aerated heterogeneous sono-Fenton reactor. 

 

Then, certain dosage of nZVI particles and H2O2 was put inside the diluted AT-POME solution. 

Theoretically, the stoichiometric weight ratio between H2O2 and COD as in Eq. (1). 

 

 

 

 

1 g COD = 1g O2 = 0.03125 mol O2 = 0.0625 mol H2O2 = 2.125 g H2O2       (1) 

 

However, the dosage of nZVI, H2O2 and aeration used in all experiments was based on the optimization 

study of aerated heterogeneous process for AT–POME treatment [20]. In each experiment, H2O2 dosage 

represents 0.81 of full stoichiometric weight ratio between H2O2 and COD while the weight ratio of nZVI to 

H2O2 was 2.125. 

After the addition of nZVI particles and H2O2, AT–POME solution was then pumped continuously into the 

ultrasonic chamber at designated flow rate. Inside the ultrasonic chamber, AT–POME was exposed to 

ultrasound irradiation (Omni Ruptor, 24 kHz) at different level of power input and duration (pulse). The output 

from the ultrasonic chamber then flow back into the reactor and the circulation continues until the process 

ended.   
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At the same time, vigorous aeration was also supplied from the bottom of the reactor intentionally to 

disperse the nZVI particles inside the AT–POME. Details of the parameters for all experiments are summarized 

in Table 3. 

At the end of every experiment, the pH of the treated AT-POME was adjusted to 8.5 and heated at 85° C for 

1 hour. This step was done to eliminate any available ferrous ion (Fe
2+

) and H2O2 inside the solution, which 

could cause interference with COD test. At this pH and temperature, H2O2 was not stable and decomposed into 

water and oxygen while Fe
2+

 reacted with hydroxide ion (OH-) to form insoluble ferrous hydroxide (Fe(OH)2). 

Next, the treated AT-POME was centrifuged at 4000 rpm for 10 minutes to separate the insoluble nZVI and 

Fe(OH)2 from the solution. The aliquot was then collected for COD determination. 

 
Table 3: Details parameters for all experiments.  

Experiment 

 

Power input  

(watt) 

Working cycle  

(%) Reaction time (min) Flow rate (ml/min) 

1 150 40 30 6.5 

2 100 10 135 3.0 

3 100 40 30 3.0 

4 100 40 240 3.0 

5 50 40 135 3.0 

6 100 40 135 6.5 

7 150 40 240 6.5 

8 50 40 240 6.5 

9 50 70 135 6.5 

10 100 40 240 10.0 

11 50 10 135 6.5 

12 150 40 135 3.0 

13 100 70 30 6.5 

14 150 10 135 6.5 

15 100 40 135 6.5 

16 100 10 30 6.5 

17 100 10 240 6.5 

18 100 70 240 6.5 

19 150 40 135 10.0 

20 50 40 30 6.5 

21 100 10 135 10.0 

22 50 40 135 10.0 

23 100 40 30 10.0 

24 100 40 135 6.5 

25 100 70 135 3.0 

26 100 40 135 6.5 

27 150 70 135 6.5 

28 100 40 135 6.5 

29 100 70 135 10.0 

 

RESULT AND DISCUSSION 

 

3.1 COD removal by aerated heterogamous sono–Fenton processs: 

In the Fenton process, organic pollutants present in AT-POME are oxidized by hydroxyl radical (OH
·
) 

resulted from the reaction of Fe
2+ 

and H2O2 as in Eq. (2). In this study, Fe
2+

 was produced through the oxidation 

(corrosion) of nZVI particles. The oxidation of nZVI particles could happen in two ways (anaerobic and 

aerobic) as mentioned in Eq. (3) and Eq. (4) respectively [21]. However, under very acidic condition, the 

oxidation process of nZVI particles was accelerated and Eq. (4) became a dominant reaction compared to Eq. 

(3).        

 

Fe
2+

 + H2O2 → Fe
3+

 + OH
·
 + OH

−    
                                                                   (2) 

Fe
0
 +2H2O → Fe

2+ 
+ H2 + 2OH

 −  
                                                                             (3) 

Fe
0 
+ 4 H

+
 + O2 → 2Fe

2+
 + 2H2O                                                                   (4) 

 

As OH
− 

was produced as shown in Eq. (2), a slight increase in pH can be observed in all experiments, as 

shown in Fig. 3. OH
·
 produced according to Eq. (2) attacked organic pollutants in AT-POME and initiated the 

oxidative destruction of the organic substrate through radical addition and/or hydrogen abstraction and directly 

reduced the COD content in the solution.  
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Fig. 3: pH of AT-POME after the aerated heterogeneous Fenton process.  

 

However, as AT–POME solution was exposed to different reaction time, the COD removal efficiency for 

each experiment was varies as shown in Fig.4. In addition, other parameters also slightly effected the treatment 

efficiency. The effect of all factors on COD removal from AT-POME can be compared through a perturbation 

plot, as shown in Fig. 5.  
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Fig. 4: COD removal from AT – POME in each experiment. 

 

 
Fig. 5: The effect of all factors at a particular point in the design space. 

 

Obviously, the COD removal from AT–POME was increased by extending the reaction time. Furthermore, 

COD removal efficiency was also improved once the AT–POME solution was flowing faster inside the 

ultrasonic chamber and exposed to higher pulse. In contrast, higher power input has no significant impact on 

COD removal from AT–POME. During the experiment, the highest and the lowest COD removal were recorded 

in experiment 10 (84.3%) and experiment 16 (36.7 %), respectively.  

 

3.2 ANOVA analysis of experimental results: 
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Results for the aerated heterogeneous sono – Fenton process was fitted with a quadratic model, as in Eq. 

(5), with F-test of the regression model producing a very low p-value (0.0009), which indicates the model was 

significant.  

 

COD removal = +74.63 + 0.97A + 4.04B + 12.55C + 4.09D + 5.65AB + 1.92AC + 0.56AD – 7.20BC + 2.75BD 

– 3.95CD – 3.83AA – 0.59BB – 8.44CC + 4.59DD                                          (5) 

 

Where A is power input (watt), B is ultrasound working cycle (%), C is reaction time (min) and D is AT–

POME flow rate (ml/min). The determination coefficient (R
2
) of the model indicated that 85.8 % of the 

variability can be explained by the model. Fig. 6 shows the graphical presentation of the effect magnitude of 

each parameter on the COD removal by heterogeneous aerated sono-Fenton process.  
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Fig. 6: Significant main, interaction and second order terms for aerated heterogeneous sono – Fenton process.  

 

The reaction time (C) shows a major positive effect on COD removal from AT – POME while the pulse (B) 

and the flow rate (D) contributed similar magnitude of positive effect. On the other hand, power input (A) only 

contributed a minor positive effect on the treatment process.  In contrast, the negative effect largely contributed 

by the interaction between pulse and reaction time (BC) and excessive reaction time (CC). The actual and 

predicted data of COD removal efficiency were in good agreement (Pearson’s coefficient was 0.926) as shown 

in Fig.7. 
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Fig. 7: Experimental vs. predicted COD removal efficiency from AT – POME  

 

 

3.3 Response surface plotting and optimization of the experimental conditions: 

As shown in Eq. (5), the presence of quadratic terms indicate that the COD removal is represented by a 

curved surface. Fig. 8(a) – 8(c) shows the graphical representation of the response curve at different pulse (%). 

By lengthen the reaction time, COD removal efficiency from the AT-POME was clearly improved. This can be 

clearly seen in Fig. 8(a) – 8(b) where the response surface exhibited a rising ridge pattern. In addition, changes 

of the colour tone from blue to orange which indicated the increasing of COD removal also can be noticed in 

both graphs.  This trend can be related to the presence of Fe
2+ 

inside the AT–POME.   
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By lengthening the reaction time, more Fe
2+

 was produced (through oxidation of nZVI particles) [19] in the 

solution. As Fe
2+ 

determines the rate of the conversion of H2O2 to OH
·
 [21, 22], a higher concentration of Fe

2+
 

had increased the availability of OH
· 
inside the solution thus increase the efficiency of the process. In addition, 

longer reaction time will also provide a sufficient period for the OH
· 
to attack (oxidize) the organic pollutants 

inside the AT–POME. 

 

 
 

 
 

 

Fig. 8: COD removal from AT-POME at different ultrasound working cycle at  (a) 10% (b) 40% and (c) 70%. 

 

On the other hand, at low and medium ultrasound working cycle, power input (watt) did not affect the COD 

removal efficiency as indicated by unchanged colour tone across the power input axis (50 – 150 watt). In this 

case, the COD removal efficiency almost unchanged although the power input was increased.  However, the 

trend start to change when AT–POME was treated at high working cycle as shown in Fig. 8 (c) where the 

respond curve for aerated heterogeneous sono–Fenton process shows the simple maximum response pattern. At 

high working cycle, the power input did effect the COD removal efficiency particularly when the reaction time 

was 82.5 min and above. At this particular reaction time range (82.5 – 240 min), by increasing the power input 

from 50 to 112.5 watt, the COD removal from AT–POME was slightly improved. However, beyond 112.5 watt, 

the power input did not show any significant impact on the treatment process. This can be clearly seen in Fig. 8 

(c) when a slight curve surface was formed from 50 to 112.5 watt before it almost plateau beyond that point 

which indicate no significant impact of power input on COD removal efficiency from AT–POME.   

With the aid of high ultrasound working cycle (exposed to longer continuous irradiation) and power input, 

cavitation and shockwave produced by ultrasound irradiation had accelerated the nZVI to high velocities and 

dispersed them homogenously in the entire solution inside the ultrasonic flow chamber. Furthermore, the inter 

particles collisions of nZVI due to the rapid movement of the particles also enhanced the chemical reactivity of 

the particles [23]. As a result, the production of Fe
2+

 in this situation was very high and thus accelerate the 

overall reaction.    

During the experiment, it was noticeable that the maximum COD removal from AT–POME did not show 

any significant increment when the pulse was increased. The contour plot in Fig. 9(a) – (c) shows that the 

maximum COD removal from AT–POME achieved at low, medium and high pulse were 81.4%, 79.6% and 

82.4% respectively. However, higher pulse did accelerated the COD removal from AT-POME as indicated in 

the contour plots. At low pulse, the maximum removal of COD from AT–POME was achieved at 240 min of 

reaction time while at high pulse, it was achieved at 187.5 min of reaction time.  

Another factor which significantly affected the COD removal efficiency was the flow rate of AT – POME 

passing through the ultrasonic flow chamber. The effect of the flow rate can be clearly seen by referring to 

contour plots as shown in Fig 10(a) – (c). These contour plots represent the COD removal from the solution 

when the process was subjected to high level of working cycle at different flow rate of AT–POME flowing 

through the ultrasonic flow chamber. From the result, it was noticeable that there was no significant changes to 

the COD removal efficiency when the flow rate was change from low to medium level. Both Fig 10(a) and 
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10(b) displayed similar colour tone which indicated a similar response when the flow rate was increased from 3 

to 6.5 ml/sec.  

However, a tremendous change were observed when the flow rate was increased furthermore during the 

treatment process. By increasing the flow rate to high level (10 ml/sec), higher volume of AT–POME was 

passing through the ultrasonic chamber thus allowed more nZVI particles inside the solution to be exposed to 

ultrasonic irradiation. Due to this, more Fe
2+ 

being produced and transported back into the reactor and ready to 

be used to initiate the Fenton process.  As a result, the maximum COD removal efficiency was increased and it 

was also achieved in shorter period of reaction time. As most of the plot in Fig. 10 (c) was covered by red 

colour, it was very obvious that faster flow rate had affected the treatment process positively.  

 

 

 

 
 

Fig. 9: Contour plot of COD removal at different ultrasound working cycle at  (a) 10% (b) 40% and (c) 70%. 
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Fig. 10: Contour plot of COD removal at 70% ultrasound working cycle at different AT-POME flow (a) 3 

ml/sec (b) 6.5 ml/sec (c) 10ml/sec. 

 

Considering all parameters with their range, the predicted maximum COD removal from AT– POME by an 

aerated heterogeneous sono–Fenton process was 93.17 % as shown in Fig. 11. The optimum process parameters 

predicted by RSM to achieve the maximum removal efficiency are shown in Table 4. 

 

 
Fig. 11: Contour plot of COD removal at optimum condition of an aerated heterogeneous sono-Fenton process. 

 
Table 4: Optimum process parameters predicted by RSM for maximum COD removal 

Parameters Optimum values 

Power intensity (watt) 149.98 

Ultrasound working cycle (%) 70 

Reaction time (min) 155.83 

Flow rate (ml/sec) 10 

 

Conclusion: 

Compared to silent Fenton, the presence of ultrasound obviously had fasten and at the same time enhanced 

the maximum COD removal from AT–POME. By circulating small volume of AT–POME inside the ultrasonic 

chamber, large volume of AT–POME is possible to be treated by low frequency ultrasound. A faster circulation 

(flow rate) of AT–POME going in/out of the ultrasonic chamber is preferable by the process as it increase the 

possibility of AT–POME exposed to acoustic cavitation. In addition this also lead to a better dispersion of nZVI 

inside the reactor. Hence to obtain the maximum COD removal during the treatment process, it is suggested to 

exposed AT – POME to a continuous (70% pulse) high power input (150 watt) of ultrasound for 156 min.    
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