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Abstract-A 3-stage micro-scale wastewater treatment system that consisted of 1) a spiral-framed human hair-based filter, 2) a 

plastic medium mixed flow biotower, and 3) a free surface water wetland system filled with Pistia Stratiotes (water lettuce) 

operating in series was recently developed and performance tests were conducted.  Performance tests were carried out to 

determine the efficiencies of the system for removal of physically emulsified and free oils, organic matters such as biochemical 

oxygen demand, ammoniacal-nitrogen, suspended solids, and nutrients such as nitrogen, phosphorous, and potassium from semi-

synthetic wastewaters.  From this study, it was found that the human hair-based filter could retain approximately 73.5% of 

physically emulsified oils, while the mixed flow biotower was capable of reducing approximately 35.0% biochemical oxygen 

demand, 57.4% ammoniacal-nitrogen, 51.8% nitrogen, 13.4% phosphorus, 21.8% potassium, and 21.9% reduction in turbidity.  

The Pistia Stratiotes-based free surface water wetland was found to remove approximately 24.1% biochemical oxygen demand, 

30.6% ammoniacal-nitrogen, 38.0% nitrogen, 41.5% phosphorus, 46.7% potassium and 31.7% reduction in turbidity.  When the 

mixed flow biotower and  free surface water wetland system were to operate in series, the combined removal efficiencies were 

approximately 59.2% for biochemical oxygen demand, 87.9% for ammoniacal-nitrogen, 90.6% for nitrogen, 54.9% for 

phosphorus, 68.5% for potassium, and 59.0% reduction in turbidity. Experimental data also showed that daily uptake rates 

(mg/kg-day) of organics and nutrients by per kilogram of Pistia Stratiotes were approximately 1,731 mg for biochemical oxygen 

demand, 1,015 mg for ammoniacal-nitrogen, 1,206 mg for nitrogen, 1,468 mg for phosphorus, and 5,431 mg for potassium. 
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I. INTRODUCTION 

THE main operating processes of the recently developed 3-stage wastewater treatment system include; 1) spiral-framed 

human hair-based filter (HBF) (figure 1) with liquid flowing in a spiral plane [1], [3], [4], [7], [9], [10], [12], [17], [20], [24], 

[25], [26], [29], [30], [32]; 2) mixed flow biotower (MFB) (figure 2), which is an aerobic attached-growth biological 

treatment method by nitrification [2], [6], [11], [13], [15], [16], [21], [23], [28], [31], [33], [34]; and 3) Pistia Stratiotes-

based free surface water (FSW) wetland (figure 3) process that applies the principles of biodegradation of organic matters by 

bacteria and water lettuce uptake of nutrients [6], [18], [19], [22], [26], [27]. This research focused on the performance 

evaluation of the recently developed 3-stage micro-scale domestic wastewater treatment system with HBF, MFB and FSW 

wetland connected in series. Experimental details and sampling locations were presented in figure 4, figure 5 and figure 6. 

Field tests were carried out to determine the removal efficiencies of; 1) physically emulsified and free oils by HBF; 2) 

biochemical oxygen demand (BOD), ammoniacal-nitrogen (NH3-N), and suspended solids (SS) by MFB; 3) BOD, NH3-N, 

SS, nitrogen (N), phosphorus (P), and potassium (K) by FSW wetland system; and 4) combined removal efficiencies of those 

parameters when the HBF, MFB and FSW wetland  components were to operate in series. 

The experimental work was conducted for a period of 30 days at the Environmental Engineering Laboratory of the 

Department of Civil Engineering, University of Malaysia Sarawak (UNIMAS). The trial runs period extended from 2
nd

 to 

10
th

 of February 2006 to make sure that stabilized conditions were attained. Actual sampling and analysis began from 11
th

 

February 2006 to 2
nd

 March 2006 for HBF; from 10
th

 July 2006 to 22
nd

 July 2006 for MFB and FSW wetland. A total of 6 

batches (for HBF) and 9 batches (for MFB and FSW wetland) of data were collected at the individual points of the system 

and analyzed. 

I. MATERIALS AND METHODS 

Influent Wastewater Source 

In this research, wastewater samples were prepared using raw water collected from one of the facultative ponds at the East 

Campus (Old Campus) of the UNIMAS. It was noted the that pond water composed of a mixture of septic tank effluents and 

wastewaters generated from food courts, pantries, laboratories, and storm waters, which also contained extremely low 

amount of emulsified oils, BOD, NH3-N, SS, N, P, and K.  
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Figure 1. a) Perspective view; b) Top view ; c) Side view of HBF 
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Figure 2. a) Top Spherical Layer; b) Vertical Flow Medium; c) Cross Flow Medium and d) Overall Setup Of MFB 

System 
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Figure 3. Pistia Stratiotes-Based FSW Wetland 
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Figure 4. Process Flow and Sampling Points for “Center-Feed Upflow (CFU)” Arrangement 

 

 

 
 

Figure 5. Process Flow and Sampling Points for “Peripheral-Feed Center Downflow (PFD)” Arrangement. 
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Figure 6. Process Flow and Sampling Points at MFB & FSW Wetland  

 

Wastewaters were intensified with edible oil (cooking oil) before being pumped into the HBF by a hydraulic stirring pump. 

Two patterns of flow were tested; 1) Core-Baffle-Perimeter as shown in figure 4; and  2) Perimeter-Baffle-Core as shown in 

figure 5 to determine the efficiencies of the filter system. Control valves were used to stabilize the system by regulating the 

system’s flow rate during the experimental work.  The effluent from HBF was then transported by a hydraulic pump to the 

biotower (MFB) and applied onto the top layer of MFB using a fixed nozzle distributor. The overall experimental setup 

details, process flow and wastewater sampling points were shown in figure 4, figure 5 and figure 6.  Because of the hydraulic 

gradient factor, a 6-metre pressure head submersible hydraulic pump was chosen for this experiment.  

The flowrate through the fixed nozzle distributor was controlled by a valve to permit a desired flow at approximately 185 

liters/day (L/day) to minimize the impact of shear velocity on the attached growth.  This system has an under drain that 

collects the filtrate and solids, which also served as a source of air for the microorganisms to maintain aerobic conditions in 

the MFB. Sufficient air supply would be provided by natural draft and wind forces through ventilation ports at the bottom of 

the MFB. The MFB effluents were gravitated to the settling basin.   

The Pistia Stratiotes-based FSW wetland system was designed to provide a surface overflow rate of approximately 167.70 

liters/day.m
2
, detention time of 24 hours (1.0 day), and horizontal velocity of 5.15(10

-3
) m/hr (0.17 ft/hr).  In this study, a 

total of 47 units of approximately equally sized Pistia Stratiotes were used with the total plant mass of approximately 1.69 

kg.  This FSW wetland system was placed outdoor sheltered by a transparent plastic sheet to avoid external disturbances 

such as rain waters.  Pistia Stratiotes was characterized by having high number of suspended roots of over one foot long and 

longer roots are believed to have higher uptake capacity [5], [6], [21]. 

 

Sampling and Analysis 

In this study, the intensified raw wastewater samples abbreviated as Co(OG) (HBF influent) were collected at locations prior 

to influent to the hair-based spiral filter.  A valve was located between the hydraulic stirring pump and filter to regulate flow 

rate .The influents were either discharged into the system through the system core or the peripheral weir as the inlet. Then 

the wastewater flowed into a spiral plane filled with hair blocks and intermediated with a baffle zone before reaching the 

outlet (perimeter or core, and vice-versa) (figure 4 and figure 5).  The effluent of the hair-based spiral tank was taken as 

C0(BT).  It acted as the influent to the next stage of the filtration process. Before discharging directly into the mixed flow MFB, 

the influent C0(BT) flow was controlled by a valve at a flowing rate of 185 L/day and a spraying nozzle was used to provide 

uniform droplets distribution onto the top layer of the filter. The wastewater then trickled down from the top layer to the 

bottom by gravity and was collected in the settling basin. Samples were collected from the settling tank and abbreviated as 

CF(BT) (MFB effluent).  MFB effluents (CF(BT) were then channelled to the hyacinth-based FSW wetland system as influent. 

Samples were then collected from the effluent of the hyacinth-based FSW wetland system abbreviated as CF(PS).  Temperature, 

pH, and turbidity at the sampling points were also monitored regularly and recorded throughout this experimental period. 
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Samples drawn at individual points as Co(OG) and C1(OG)  were analyzed at Environmental Engineering Laboratory, 

Department of Civil Engineering, Universiti Malaysia Sarawak (UNIMAS) while samples from Co(BT), CF(BT) and CF(PS) were 

analyzed at “Nabbir Laboratory (Sarawak) Sdn Bhd” (accredited by Natural Resources and Environmental Board and 

Department of Environmental, Malaysia) located at Lot 2406, Batu Kitang Light Industrial Park, 7
1/2

 Mile, Jalan Batu Kitang, 

93250 Kuching, Sarawak. Some of the major analysis equipments and methods used in this study included 

Spectrophotometer (8038, 8075, 8048 and 8237; 2), Dissolved Oxygen (DO) meter (APHA 5210B), Atomic Absorption (AA) 

Spectrophotometer (APHA 3500 KB), and Oil in Water Analyzer [8], [14].   

II. RESULTS AND DISCUSSION 

FIGURE 7(a) and figure 8(a) show a comparison of removal efficiencies of O&G by the spiral-framed hair-based filter 

(HBF) with CFU pattern. The HBF achieved an average reduction of 52.9 mg/L (equivalent to 36.5% reduction) at the Core-

Baffle Zone and 22.8 mg/L reduction (15.8% in reduction) at Baffle-Periphery Zone. The overall removal efficiency for the 

CFU pattern was approximately 53% (i.e. 36.5% at Core-Baffle Zone and 15.8% at Baffle-Periphery Zone). It was shown 

that the efficiency of Baffle-Periphery Zone marginally exceeded 50% of the system’s overall efficiency. From the test data, 

the system had demonstrated its potential for removal of O&G although the efficiency was not remarkable. 

Figure 7(b) shows the amount of reduction in oil droplet levels for PFD pattern, while figure 8(b) shows the system’s 

removal efficiencies of O&G. Average reductions were 24.4 mg/L (26.2% reduction) at Periphery-Baffle Zone, and 44.2 

mg/L (47.3% reduction) at Baffle-Core Zone. It was demonstrated that the overall removal efficiency was approximately 

73.5% (i.e. approximately 26.2% at Periphery-Baffle Zone and 47.3% at Baffle-Core Zone). From the data collected, it was 

observed that this pattern resulted in higher oil droplet reduction at Periphery-Baffle Zone as compared to Baffle-Core Zone. 

It was also demonstrated that PFD pattern achieved higher overall O&G removal efficiency as compared to CFU pattern.  

The levels of reduction observed at Baffle-Core Zone for CFU and PFD were approximately 36.5% and 47.3%, respectively. 

These data proved the workability of the spiral frustum design of HBF. 

Figure 9 and figure 15 illustrate the BOD removal efficiencies of MFB and FSW wetland with respect to the amount of 

BOD reductions during the experimental period. The biotower demonstrated a consistent removal rate regardless of influent 

concentrations, with an average removal efficiency of approximately 35.0%. Similarly, the Pistia Stratiotes-based FSW 

wetland recorded an average removal rate of approximately 24.1%. The combined BOD removal rate of the two components, 

i.e., MFB and FSW wetland operating in series was approximately 59.2%. It can be concluded that the combined MFB and 

FSW wetland operating in series can achieve more than 50% removal rate of BOD.     

Figure 10 and figure 15 show the observed removal efficiencies of NH3-N by MFB and FSW wetland from wastewaters.  

The average NH3-N removal efficiency achieved by the biotower recorded 57.4% and the reduction rate (mg/L) was rather 

consistent throughout the experimental period regardless of influent NH3-N levels.  As shown in figure 10 and figure 15, the 

FSW wetland demonstrated a similar consistent achievable effluent level to less than 2 mg/L, regardless of the influent NH3-

N levels. This indicates that Pistia Stratiotes has an extremely high uptake capacity of NH3-N.  As observed, it was 

demonstrated that NH3-N levels would substantially be reduced by both the MFB and FSW wetland. When the MFB and 

FSW wetland were to operate in series, the overall achievable removal efficiency of NH3-N could be as high as 87.9%.  

Plots of total nitrogen (N) measured at the influents and effluents of MFB and FSW wetland with respect to time are 

illustrated in figure 11 and figure 15.  The average amount of reduction in total nitrogen recorded between C0(BT) and CF(BT) 

was approximately 51.8% by MFB, and between CF(BT) and CF(PS) indicated a 38.8% reduction by FSW wetland. When the 

MFB and FSW wetland operated in series, the overall average total nitrogen removal efficiency could be as high as 90.6%.  

When the performance of the system is expressed in N removed from per liter (mg/L) of wastewater, the MFB attained an 

average of 0.99 mg/L, whilst the FSW wetland achieved approximately 1.01 mg/L.  The plots in figure 10 and figure 11 

show that the patterns of total nitrogen reduction in the wastewater samples observed were similar to NH3-N.  This could be 

due to the direct relationship between NH3-N and total nitrogen because NH3-N molecules are generally formed by the 

nitrogen atoms after combining with hydrogen atoms to achieve stabilization.  In the nitrogen cycle, the NH3-N would be 

transformed to nitrite and nitrate or backward through nitrification or denitrification processes.  Thus, a reduction in NH3-N 

would give a lower total nitrogen level.   

Figure 12 and figure 15 illustrate the differences in phosphorous (P) levels between C0(BT) and CF(BT), and between CF(BT) 

and CF(PS) respectively. The amount of P reduced by MFB was approximately 13.4%, while the Pistia Stratiotes-based FSW 

wetland achieved approximately 41.5%. This indicates that the removal of P by FSW wetland was 28.1% higher than MFB. 

When the performances are expressed in mg/L of P reduced in the wastewaters, the observed data collected during 

experimental period demonstrated that MFB achieved an average of 0.57 mg/L reduction in P, while the FSW wetland 

achieved an average of 1.25 mg/L. When the MFB and FSW wetland were to operate in series, the combined overall 

removal efficiency of the system was approximately 54.9%.  

In this research, the potassium (K) levels in the raw wastewater influents of the MFB were recorded in the range of 3.14 

and 18.86 mg/L. As illustrated in figure 13 and figure 15, the MFB had shown to be capable of removing an average of 

approximately 21.8% and FSW wetland attained an average of 46.7% reduction in K from wastewaters. This indicates that 

the K uptake rate of Prista Stratiotes was approximately 24.9% higher than the MFB.  It was also demonstrated that when the 

MFB and FSW wetland were to operate in series, the combined overall removal efficiency for K could be as high as 68.5%.  
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In this study, effluent turbidity levels were measured in Nephelometry Turbidity Unit (NTU) for all collected wastewater 

samples [15]. The turbidity readings showed a decreasing trend as the wastewater moved through the treatment system.  In 

figure 14 and figure 15, it is shown that FSW wetland system was capable of bringing down the average turbidity level to 

about 4 NTU, while the MFB was capable of reducing average turbidity level to approximately 8 NTU.  The average 

reduction in turbidity levels were approximately 21.9% as achieved by the mixed flow biotower, 37.1% by FSW wetland 

system, and 59.0% when the MFB and FSW wetland operated in series.   

In table 1, it was shown that a value of 73.5% removal efficiencies for O&G by HBF was recorded as the average value of 

the 2 flow patterns that were conducted in this experiment. The “Center-Feed Upflow (CFU)” and “Peripheral-Feed Center 

Downflow (PFD)” patterns recorded 53% and 73.5%, respectively. These data strongly indicated the workability of the 

spiral frustum design of HBF. 

As shown in table 1, the observed average removal efficiencies attained by MFB were 35.0% BOD, 57.4% ammoniacal 

nitrogen, 51.8% total nitrogen, 13.4% phosphorus, 21.8% potassium, and 21.9% reduction in turbidity.  The FSW wetland 

had demonstrated its capability by removing an average of 24.1% BOD, 30.6% ammoniacal-nitrogen, 38.8% nitrogen, 41.5% 

phosphorus, 46.7% potassium, and 37.1% reduction in turbidity.  It was found that FSW wetland was relatively more 

efficient than MFB with respect to the removal of phosphorus and potassium. Also, it was demonstrated that the MFB was 

relatively more efficient for removal of BOD and total nitrogen than phosphorus and potassium.  When the MFB and FSW 

wetland operated in series, the removal efficiencies (see table 1) were 73.5% for physically emulsified oils, 59.2% for BOD, 

87.9% for ammoniacal-nitrogen, 90.6% for total nitrogen, 54.9% for phosphorous, 68.5% for potassium, and 59.0% 

reduction in turbidity levels.   

 

 Table 1.  Overall Removal Efficiencies, % (When all 3 Stages Operated in Series) 

Parameters HBF& Biotower & FSW System Operating in Series 

  Removal Efficiency (%) 

  
HBF 

(%) 

Biotower 

 (%) 

FSW System  

(%) 

Combined System 

 (%) 

Free Oils 73.5 - - 73.5 

Biochemical Oxygen Demand - 35.0 24.1 59.2 

Ammoniacal-nitrogen - 57.4 30.6 87.9 

Nitrogen - 51.8 38.8 90.6 

Phosphorus - 13.4 41.5 54.9 

Potassium - 21.8 46.7 68.5 

Turbidity - 21.9 37.1 59.0 

 

In this research, the mass increment of Pistia Stratiotes with respect to nutrient uptake rates was also studied.  Table 2 

shows the mass increment of Pistia Stratiotes versus nutrients uptakes by the hyacinth and the average removal of pollutants 

(nutrients) from wastewater by Pistia Stratiotes over a period of 11 days.  The correlation of pollutants removal and hyacinth 

plants mass increment shows that when the plants size and mass increased, the uptakes of nutrients also increased causing a 

decrease in the concentration of nutrients in wastewater. The total mass of the plants increased by approximately 1.705 kg 

(from 1.66 to 3.365 kg), which was approximately 1.03 times of the initial mass in a period of 11 days. The incremental 

mass of the plant was directly proportional to the total concentration of pollutants (nutrients) with respect to time. Therefore, 

with a flow rate of 185 L/day, the observed experimental data indicated that the daily uptake rate of organics and nutrients 

expressed in mg/kg-day, i.e., mg of organics and nutrients removed by one kg of Pistia Stratiotes per day were 

approximately 1,731 mg for BOD, 1015 mg for NH3-N, 1,206 mg for N, 1,468 mg for P, and 5,431 mg for K.  

 

Table 2.  Total Mass of Pistia Stratiotes versus Pollutant Removal Rates 

Parameters Mass of Pistia Stratiotes, Kg Pollutant Concentration Levels, mg/L 

 

Beginning 

of 

Experiment 

Period 

End of 

Experiment 

Period 

Increase 

in Mass 

of Pistia 

Stratiotes 

Beginning 

of 

Experiment 

Period 

End of 

Experiment 

Period 

Removal 

Rate 

Average 

Removal 

Rate 

Biochemical 

Oxygen Demand 

1.66 3.365 1.705 

42 26 16 1.45 

Ammonical-

Nitrogen 
11.11 1.76 9.4 0.85 

Nitrogen 12.85 1.74 11.1 1.01 

Phosphorus 27.6 14.08 13.5 1.23 

Potassium 91.06 41.01 50.1 4.55 
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 Figure 7(a). Influent Oil Concentration of Core Zone C0(OG) , Effluent of Baffle 

Zone CS(OG) , Effluent of Periphery Weir Zone CF(OG) for CFU Flow Pattern  
 Figure 7(b). Influent Oil Concentration of Periphery Weir Zone C0(OG) , Effluent of 

Baffle Zone CS(OG) , Effluent of Core Zone CF(OG) for PFD Flow Pattern 
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 Figure 8(a). Observed Overall Removal Efficiency of HBF for CFU Flow Pattern Figure  8(b). Observed Overall Removal Efficiency of HBF for PFD Flow Pattern 

 

Figure 9. BOD5 Levels at C0(BT), CF(BT) and CF(PS) versus Detention Time 

 

 
Figure 10. A-N Levels at C0(BT), CF(BT) and CF(PS) versus Detention Time 
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Figure 11. Total N Levels at C0(BT), CF(BT) and CF(PS) versus Detention Time 

 

 
Figure 12. Total P Levels at C0(BT), CF(BT) and CF(PS) versus Detention Time 
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Figure 13. Total K Levels at C0(BT), CF(BT) and CF(PS) versus Detention Time 

 
Figure. 14. TSS Levels at C0(BT), CF(BT) and CF(PS) versus Detention Time 

 

 
Figure 15. Removal Efficiencies of MFB and FSW Wetland 
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III. CONCLUSIONS 

PERFORMANCE evaluation of the 3-stage treatment system for domestic wastewater was carried out to determine 

the system’s efficiencies for removal of O&G, organic matters and nutrients. For HBF, the CFU flow pattern had 

achieved an average removal efficiency of 53% while the PFD pattern achieved an average efficiency of 73.5%.  From 

this study, it can be concluded that the removal efficiencies achieved by MFB were approximately 35.0% BOD, 57.4% 

NH3-N, 51.8% N, 13.4% P, 21.8% K, and 21.9% reduction in turbidity level, whilst the Pistia Stratiotes-based FSW 

wetland achieved approximately 24.1% BOD, 30.6% NH3-N, 38.0% N, 41.5% P, 46.7% K, and 31.7% reduction in 

turbidity level.  The combined overall system removal efficiencies (i.e., MFB and Pistia Stratiotes-based FSW wetland 

operating in series) were approximately 59.2% for BOD, 87.9% for NH3-N, 90.6% for N, 54.9% for P, 68.5% for K, 

and 59.0% reduction on turbidity levels. It can also be concluded that the daily uptake or removal rates (mg/kg-day) of 

organics and nutrients by one kg of Pistia Stratiotes per day were estimated to be 1,731 mg for BOD, 1015 mg for NH3-

N, 1,206 mg for N, 1,468 mg for P, and 5,431 mg for K. Based on the performances or removal efficiencies of the 3-

stage treatment system, the system had proven to be up-scalable, besides possessing immense commercialization 

potential.    
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