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Abstract 

In this study, dewatered alum sludge cakes were used as substrate in a laboratory 

scale tidal vertical flow reed bed system treating animal farm wastewater. The 

“tidal flow” operation was employed to enhance oxygen transfer into the reed bed 

system, while dewatered alum sludge cake was used to enhance phosphorus (P) 

removal in the system through ligand exchange. Except for the removal of P 

which was consistently high throughout the experiment, the removal of organics 

(BOD5, COD) exhibited a trend of gradual and increasing removal. This 

highlights the obvious advantage of the use of the dewatered alum sludge cake in 

the reed bed. For the removal of organics, a mean removal percentage of 

82.3 3.5 % was obtained for BOD5 at an average loading of 84.6 g/m
2
.d. In 

addition, the first-order kinetics constant for BOD5 removal (KBOD, m/d) obtained 

in the system was about 9 times the rate constant commonly obtained in 

conventional horizontal flow systems. The mean level of dissolved aluminium 

(Al) monitored in the effluent was 0.04 0.01 mg/l and this is well below the 

discharge limit of 0.2 mg/l for Al discharge into all waters.  
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1 Introduction 

 

Animal farming and production are key components of agriculture worldwide 

due to their strategic importance for both food stability and economic health. 

However, there are increasing environmental concerns and problems associated 

with the current scale of animal farming and production. These include nuisance 

odours, pathogens, concentrated wastewater, inadequate land treatment sites, 

residential encroachment and new regulations (Hunt and Poach, 2001). In 

particular, the steady intensification of such farming practices have led to 

increasing levels of environmental pollution, including degradation of the water 

quality of downstream ecosystems. For instance, in Ireland where about 25% of 

the land area is devoted to dairy farming, a survey of 1132 rivers and streams 

from 2001 to 2003 estimated that the percentage of pollution attributed to 

agriculture was approximately 32%, 32% and 15% respectively in rivers and 

streams which were slightly, moderately, and seriously polluted (Toner et al., 

2005; Healy et al., 2007). Similarly in the UK, Brewer et al. (1999) reported that 

dairy farming accounts for the majority of the water pollution incidences arising 

from farm wastes. In the US, it was reported that 43% of Nitrogen (N) and 60% of 
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Phosphorus (P) input to the Upper Potomac basin, Maryland, came from animal 

waste (Cronk 1996). It is well known that the release of P from wastewaters into 

watercourses can cause severe pollution problems, such as eutrophication which 

frequently results in algal blooms, fish kills and loss of water resources. 

Therefore, it is very crucial to ensure efficient P removal during wastewater 

treatment.  

The attribution of specific pollution incidences to animal farming can be 

explained by the common method of waste treatment and disposal on these farms. 

As the essential task of the farmer is to produce food, very few farms have the 

manpower, finance and technical competence to manage complicated effluent 

treatment operations similar to those that are employed in the process industries. 

Hunt and Poach (2001) reported that the common practice on most animal farms 

is to apply both solid and liquid waste to land for terminal treatment. In Ireland, it 

is reported that dairy parlour washings are treated mainly by land spreading with 

low irrigation systems (Healy et al., 2007). This is similar to the situation in the 

UK as noted by Brewer et al. (1999) and Tyrrel and Leeds-Harrison (2005). It was 

reported that dirty water from dairy farms was typically disposed of by application 

to land using low rate irrigators with perhaps no prior treatment. Such method of 

land spreading/application of wastes may initiate water pollution through surface 

run-off particularly when the soil is slow-draining and on a sloping land. In 
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addition, during periods when the fields are fully saturated with rainfall, the 

effluents quickly gets into the water environment. 

Thus, the need to seek alternative ways to treat their waste, coupled with 

increasing public concerns and stricter environmental legislations, have resulted in 

considerable pressure for farmers to prevent the pollution of the environment on 

their farms. This has led to considerable interest in simple, farmer friendly 

methods for the treatment of agricultural effluents. Such methods have included 

aerobic and anaerobic lagoons (Cronk, 1996), soil based treatment systems (Tyrrel 

and Leeds-Harrison, 2005), intermittent sand filtration systems (Healy et al., 

2007) and constructed wetland systems (CWs). In particular, reed bed treatment 

systems (RBTSs) (a form of CWs planted with reeds) offer a cost-effective 

treatment option for such wastewaters and their use for the treatment of animal 

farm wastewaters have emerged strongly in the last decade. Hunt and Poach 

(2001) reported that there are at least 26 states in the US where livestock 

producers are using CWs to treat animal wastewaters. Several authors have also 

reported on the use of CWs/RBTSs for the treatment of animal farm wastewater 

(Copper and Testa, 1997; Reddy et al., 2000, Hunt and Poach, 2001; Zhao et al., 

2004). 

However, despite the increasingly widespread adoption of CWs/RBTSs for 

animal farm wastewater treatment, two key outstanding issues are still very 
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critical to their successful implementation. These are oxygen transfer and P 

removal. Firstly, due to the fact that animal farming operations give rise to several 

effluents which are far stronger than those normally encountered in sewage works 

treating domestic wastewater, they exert a corresponding high oxygen demand on 

any system used for their treatment. For instance, dairy parlour washings can have 

a 5-day Biochemical Oxygen demand of about 2000 mg/l (Gray et al., 1990). The 

cost-effective treatment of such dairy parlour washings wastewater using the 

conventional CWs/RBTSs may not be economically and technically feasible. For 

instance, Sun et al. (1998a) attempted to treat a high strength agricultural 

wastewater with a significantly high BOD5 value using a horizontal-flow CWs. It 

was realised that due to insufficient oxygenation, the horizontal-flow CWs was 

unable to adequately reduce the BOD5 of the effluents for them to be discharged 

to watercourses. This is also in agreement with the findings of Hunt et al. (2003) 

in which it was stated that despite the effectiveness of CWs/RBTSs, their capacity 

to remove wastewater nitrogen and oxygen-demanding substances is limited by 

the oxygen availability in the wastewater and in the wetland soil.  

Secondly, P removal from such high strength wastewaters when treated in 

CWs still remains to be optimised. Although P removal in a CWs/RBTSs can 

occur through a variety of processes, it is now generally acknowledged that 

sorption to the bed media is mainly responsible for long term and significant P 
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removal (Babatunde, 2007). Conventional media used in CWs/RBTSs include 

sands, gravel and local soils. However, given the relatively high levels of P in 

such animal farm wastewaters, and the limited P removal capacity of the gravel or 

sands/local soils used, P removal is often reported to be poor. In response to these 

two key outstanding issues, two strategies were employed in this laboratory scale 

study to enhance the treatment of animal farm wastewater in RBTSs: (1) 

Dewatered alum sludge cakes was used as the main substrate as opposed to the 

conventional media of gravel, sands and local soils. Dewatered alum sludge is a 

by product of water treatment plants which uses aluminium sulphate as coagulant. 

Being very rich in aluminium, it has a high propensity to bind P in wastewaters. 

The case for the use of the dewatered alum sludge cakes as P-removing media 

during wastewater treatment in a CWs/RBTSs was first highlighted in our global 

review on beneficial reuse of waterworks sludges (Babatunde and Zhao, 2007), 

and such use has also been preliminarily demonstrated in our past study (Zhao et 

al., 2008); (2) Tidal flow strategy was employed to enhance the oxygen transfer 

efficiency of the RBTSs and thus improve its capability to treat high oxygen 

demanding wastewaters such as animal farm wastewaters. Tidal flow strategy 

refers to the rhythmical filling and draining of RBTSs matrices with wastewater, 

during which atmospheric diffusion of air is promoted and aerobic decomposition 

process is greatly enhanced (Green et al. 1997; 1998). This study presents results 
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from a laboratory scale tidal vertical flow reed bed system employing these two 

strategies to enhance P removal and oxygen transfer during the treatment of an 

animal farm wastewater.   

 

2 Materials and methods  

 

Dewatered alum sludge cakes were collected from the mechanical dewatering 

unit of a water treatment plant (with ultimate water treatment capacity of 4×10
5 

m
3
/d) located in South-west Dublin, Ireland. The plant uses aluminum sulphate 

for raw water flocculation at a typical dose of 42-60 mg/l. Specific characteristics 

of the dewatered alum sludge that are relevant to its use as a CWs/RBTSs 

substrate and as a plant growth medium have been examined in detail (Babatunde 

et al., 2009). A laboratory scale reed bed system was then set up using a 144 mm 

diameter (internal) Pyrex column filled firstly to 100 mm in depth with 10 mm 

gravel to serve as support and then packed to 350 mm with the ground sludge 

cakes. Fig. 1 shows a schematic diagram of the set-up of the lab-scale reed bed 

system. Phragmites australis were obtained from a commercial supplier and 

planted on top of the ground sludge. Wastewater with average concentration of 70 

mg/l (P), 510 mg/l (SS), 1150 mg/l (COD) and 750 mg/l (BOD5) was collected 

periodically from the secondary holding tank of an animal farm, which includes 
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about 2000 livestock units of sheep, pigs, cattle and horses. The wastewater from 

all the activities on the farm is firstly collected and stored in a central facility 

where it undergoes primary sedimentation. 

 

 

 

 

 

  

 

 

 

 

Fig.1. Schematic illustration of the set-up of the lab-scale reed bed system (P1 and 

P2 refers to manually and timer controlled pumps respectively) 

 

Thereafter, the wastewater is pumped to the secondary holding tank and then 

spray-irrigated on open fields. The collected wastewater (with or without dilution 

with tap water to achieve desired concentrations) was loaded onto the reed bed 

system via a feed tank at a daily flow rate of 0.008 m
3
/d giving a hydraulic 
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loading rate of 0.5 m
3
/m

2
.d. The treatment system was operated using the tidal 

flow strategy and this was achieved by rhythmically filling and draining the reed 

bed matrices with wastewater. The rhythmical filling and draining generated the 

tides and this was realised using peristaltic pumps which were controlled by a 

preset electronic timer. The rhythmical operation was carried out in cycles during 

which the wastewater is drained out from the bed and the system is allowed to rest 

before the next cycle commences. The surface loadings (mean  SD) in each of 

the respective periods of operation (See table 1) range from 35.8  8.5 g/m
2
.d to 

111.7 13 g/m
2
.d (BOD5), 66.7 21 g/m

2
.d to 183.6 11 g/m

2
.d (COD) and 3.3  

1.3 g/m
2
.d to 10.3 1.3 g/m

2
.d (RP). Samples of influent and effluent from the 

reed bed system were collected at least once each week and analysed periodically 

for BOD5 (using Hach BODTrack Apparatus), COD, P, SS and effluent Al (using 

Hach DR/2400 spectrophotometer).  

The P analysis was based on the reaction of orthophosphate in the samples with 

molybdate in an acid medium to produce a mixed phosphate/molybdate complex. 

In the presence of vanadium, yellow molybdovanadophosphoric acid is formed 

whose colour intensity is proportional to the phosphate concentration. The 

concentration is then determined indirectly using the spectrophotometer. The P 

analysis was done in two parts: (1) Samples were directly reacted (without 

filtration) with the reagent and analysed to determine the reactive P (RP) and (2) 



 11 

Samples were filtered using a 0.45µm membrane filter and the filtrate was 

analysed to determine the soluble reactive P (SRP). In order to monitor biofilm 

development, examine the removal of P from the wastewater and also observe any 

change of surface characteristics, surfaces of the fresh alum sludge particles 

(referred to as clean sludge) and the sludge particles that were used in the system 

(referred to as used sludge) were examined under a scanning electron microscope 

(SEM) and a SEM-EDX (SEM energy dispersive X-ray, INCAx – Sight model 

6587, Oxford instruments, UK). For the SEM examination, the samples were pre-

coated with gold for specified minutes before being examined under the SEM. 

 

3. Results 

 

3.1 Overall treatment performance 

Fig. 2 illustrates the removals (in percentage reduction) of COD, BOD5 and P 

in the system. The respective pollutant loadings across the different periods of 

operation and the corresponding progressive mean treatment performance results 

( SD) obtained is presented in Table 1. Fig. 2 shows that while the removal of 

organics in the system increased gradually with time, the removal of P was very 

high in the initial stages and also throughout the experimental period. Both RP 

and SRP were efficiently removed in the system, although the removal of SRP 

was slightly higher than RP. Overall, pollutant removal efficiencies up to 85.5  
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2.1% (COD) and 82.3±3.5% (BOD5) were achieved in the system. However, P 

removal efficiency was up to 93.7 0.8% (SRP) and 88.1  0.5% (RP). By 

examining data on the removal of SS, COD and BOD5 during the initial stages (< 

8 weeks), it can be suggested that the initial removal of the carbonaceous 

substrates is through filtration while improved removal was obtained gradually 

through aerobic degradation as the system stabilized and matured. As the 

experiment progressed and the system further stabilized, the removal of organics 

became considerably significant in the system even at higher loadings (Table 1). 

      P-removal was however consistently high throughout the experimental 

duration as opposed to the removal of organic matter which was gradual. As 

earlier noted, SRP was efficiently removed from the system. This is unusual in 

conventional CWs as initial P removal is generally poor due to the poor P 

adsorption capacity of the gravel or other media used, and the fact that the other P 

removal mechanisms, such as biomass and plant uptake may take several months 

before they can significantly contribute to P removal. However, the dewatered 

alum sludge cake used herein is mainly composed of aluminium ions and this 

facilitates its ability to enhance P removal from wastewater through ligand 

exchange (Yang et al., 2006). Interestingly, the mean level of dissolved 

aluminium (Al) monitored in the effluent from the system was 0.04 0.01 mg/l 

and this is well below the discharge limit of 0.2 mg/l for Al discharge into all 
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waters. The release or non-release of aluminium during the reuse of alum sludge 

is a critical issue from the environmental safety point of view and it is thus very 

important to observe that aluminium levels in the effluents were below the 

discharge limit. 
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Fig. 2. Removal trend of pollutants in the reed bed treatment system 
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Table 1 Pollutant loading and treatment efficiency during the different operational 

period in the reed bed system 

         

 

 

 

Parameter 
Period (Weeks) 

1-8 9-12 13-16 17-20 21-28 

 

BOD5 

n 5 4 6 10 9 

loading  (g/m
2
.d) 35.8 ±8.5 50.0 ±6.7 57.5 ±10 114.8±15 111.7 ±13 

% removal 63.3 ± 16 71.7 ± 5.2 75.9±1.4 80.3 ±7.1 82.3 ±3.5 

 

COD 

 

n 5 4 6 10 9 

loading  (g/m
2
.d) 66.7 ± 21 77.1± 12 99.4 ±13 187.6 ± 25 183.6 ± 11 

% removal 50.2 ± 9.1 75.1± 3.8 78.0±3.1 84.4 ± 2.8 85.5 ± 2.1 

 

RP 

 

 

n 16 7 8 10 9 

loading  (g/m
2
.d) 3.3 ± 1.3 4.7 ± 0.9 6.0 ±1.3 8.4 ±1.3 10.3 ± 1.3 

% removal 88.9 ± 2.9 90.2 ± 0.5 90.3 ± 1.3 89.0 ± 1.0 88.1 ± 0.5 

 

SRP 

 

 

n 16 7 8 10 9 

loading  (g/m
2
.d) 

% removal 

1.85 ± 0.7 2.37 ± 0.7 2.91 ± 1.2 3.93 ± 2.0 4.89 ± 0.9 

91.7 ± 3.8 91.1± 3.1 91.5 ± 1.8 92.1 ± 1.4 93.7 ± 0.8 

 

SS 

n 

loading  (g/m
2
.d) 

% removal 

16 

23.9 ± 2.9 

76.4 ± 20 

7 

36 ± 1.3 

79.8 ± 14 

8 

38.1 ± 1.7 

83 ± 9.2 

10 

75.6 ± 5.5 

86 ± 12.7 

9 

84.6 ± 3.3 

91.7 ± 3.2 

n refers to the number of samples 
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3.2 The effect of the tidal flow strategy on the treatment performance  

In order to examine the effect of the tidal flow strategy on the system, the 

theoretical oxygen transfer rate of the system was computed. A value 137.2 

g/m
2
.d was calculated using equation (1). Equation (1) is hinged on the knowledge 

that the volume of air drawn into the reed bed matrices will be equal to the 

volume of the drained wastewater (Green et al., 1998). Therefore, based on the 

perfect gas equation at 20
o
C and atmospheric pressure, the theoretical oxygen 

supply (TOS) into the system across its surface area was determined as:  

 

 

 

 

       Correlation charts between (i) BOD5 loading rates and the effluent BOD5 

values and (ii) the loading and removal rates for BOD5 were obtained and 

presented in Fig. 3. From the figure, it can be seen that in the current system, there 

was no strong relationship exhibited between the BOD5 loading rates and the 

effluent BOD5 values as shown by the R
2
 value of 0.46. However, on the other 

hand, it can be seen that the removal rate of BOD5 increased with increase in the 

loading rate and a very strong relationship was obtained with a R
2 

value of 0.95. 

This demonstrates a key advantage of the system over conventional reed bed 
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systems at similar stage of operation. In typical cases, the efficiency decreases, 

(i.e., effluent concentration increases proportionately) as the loading is increased. 

For instance, Christos and Vassilios (2007) observed that since higher loading 

implies a smaller hydraulic retention time, then efficiency will expectedly 

decrease leading to increase in effluent concentration.  
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Fig. 3. Correlations between BOD5 loading and effluent BOD5 values as well as 

BOD5 removal rates 

 

However, the results obtained in this study indicate increase in BOD5 removal 

rate as the loading rate increases and this can be explained by the effect of the 

tidal flow strategy. Generally, it is known that the amount of soluble oxygen in 

wastewaters and biofilms is usually limited, and cannot support intensive 
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microbial activities when high strength wastewaters are treated. Consequently, 

since during wastewater treatment in CWs/RBTSs, organic matter is retained due 

to biomass accumulation, then it can be postulated that the enhanced oxygen 

transfer rate of the tidal flow strategy serves to significantly enhance aerobic 

decomposition in the system. In essence, the enhanced oxygen supply of the tidal 

flow strategy can enable the treatment of high strength wastewaters with 

significant performance even at higher concentrations in CWs. The fact that the 

BOD5 loading rate showed a stronger correlation with the BOD5 removal rate than 

with the effluent BOD5 values implies that the obvious and significant benefit of 

the tidal flow strategy is the reduction in the footprint necessary for treatment due 

to its enhanced oxygen transfer efficiency. In the current system, it can be seen 

that improved performance and removal rate was obtained even at higher loadings 

(See Table 1), and this highlights the effect of the tidal flow strategy.  

 

3.3 Results of SEM and SEM-EDX imaging 

SEM and SEM-EDX images of the sludge samples are shown in Fig. 4. The result 

clearly demonstrates (i) the change of the surface characteristics of the alum 

sludge, with the surface of the used sludge now being covered with slimes, which 

is likely from biomass/solids deposition on the surface and microbial development 
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in the sludge matrix and (ii) the removal of P from the wastewater onto the 

surface of the used alum sludge. 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Fig. 4.  SEM (2000×magnification) and SEM-EDX images of surfaces of clean 

alum sludge (Fig. 4a and c respectively) and used alum sludge (Fig. 4b and d 

respectively) 

 

 

 

 

 

 

(a) 

(b) 

 (c) 

(d) 
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4 Discussion 

 

For the treatment of animal farm wastewaters in RBTSs, the need for 

intensified oxygen flux into the system and enhanced P removal can hardly be 

overemphasized. Vertical flow beds employing the tidal flow strategy have 

however been developed and demonstrated to enhance oxygen supply
 
(Green et 

al., 1998; Scholz and Xu, 2002; Zhao et al., 2004; Lee and Scholz, 2006), making 

them a viable system for the treatment of such wastewaters. In this study, the 

BOD5 loading varied from 35.8 8.5 g/m
2
.d to 111.7±13 g/m

2
.d. Clearly, the reed 

plants could not provide sufficient oxygen for aerobic degradation in the system 

which would have accounted for the high levels of organic matter removal 

obtained in the system. This is because the potential oxygen release from the roots 

of Phragmites is no more than 0.02 g/m
2
.d (Brix, 1990). Similarly, if the 

wastewater were to be treated in a conventional horizontal flow RBTSs/CWs, the 

level of organic matter removal obtained in the current system may not have been 

achieved, since the oxygen flux obtainable in a horizontal flow reed bed is 

reported to be less than 20 g-O2/m
2
.d (Reed et al., 1998).  

The tidal flow concept refers to the rhythmical filling of the reed bed matrices 

with wastewater and then subsequently draining it. This allows for maximum 

pollutant biofilm contact during the fill stage. As the wastewater is being drained 
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from the system, the draining water acts as a passive pump, which draws 

atmospheric air into the matrices, thus replenishing the biofilm with oxygen. As 

can be seen from Table 1, removal of organics improved steadily with operation 

time across the different periods of operation, with removal efficiencies up to 

82.3 3.5 % (BOD5) and 85.5 2.1 % (COD) achieved in the system. The slimy 

covering on the surfaces of the used sludge (Fig. 4b & d) as compared to the 

surfaces of the clean sludge (Fig. 4a & c), suggests biomass development, which 

reflects both the suitability of the system for the growth and activities of 

microorganisms and intense biological activity in the system. Based on the tidal 

flow concept, a TOS rate of 137.2 g/m
2
.d was calculated for the system. In 

comparison to the oxygen demand on the system, the tidal flow strategy can be 

seen to have the potential to enhance treatment efficiency with substantial 

reductions obtained even at higher loadings. The strong relationship between 

loading and removal rate for BOD5 as shown in Fig. 3 indicates that with the 

enhanced oxygen supply of the tidal flow strategy, it will be possible to treat high 

strength wastewaters and obtain improved performance even at higher 

concentrations.  

In this study, at a mean influent BOD5 concentration of 169.2 70.6 mg/l, 

corresponding to a mean BOD5 loading of 84.6 g/m
2
.d, an average 76.9 % 

reduction which gives an average removal rate of 66.4 g/m
2
.d was achieved. In a 
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similar study employing the tidal flow mechanism, Sun et al. (1998b)
 
reported a 

99.1 % reduction from an average influent BOD5 concentration of 464 mg/l giving 

a removal rate of 71.9 g/m
2
.d. The high removal efficiency obtained in both cases 

reflects the enhanced oxygen supply of the tidal flow strategy, which results in 

better treatment performance even at higher concentrations. It should be noted that 

the hydraulic and organic loadings (BOD5) used in this study which are 0.45 

m
3
/m

2
.d and 35.8 – 111.7 g/m

2
.d respectively, are considerably higher than the 

typical loadings on subsurface horizontal or vertical flow CWs/RBTSs. Weedon 

(2003) reported that in typical compact vertical flow systems, the hydraulic and 

organic loadings are 0.039 m
3
/m

2
.d and 13.7g BOD5/m

2
.d respectively. However, 

the loadings used in this study are quite comparable to those used in other similar 

studies employing the tidal flow strategy i.e. Zhao et al. (2004) and Sun et al. 

(2006). Notwithstanding the relative high loadings used in this study, the 

performance results obtained compare very well with CWs in other European 

countries where organic substances are reported to be typically removed by 80-99 

% and inorganic nutrients removed by about 50 % in the long run (Verhoeven and 

Meuleman, 1999; Sun et al., 2006).  

The first order kinetics rate constant for BOD removal (KBOD, m/d) for the 

current system was evaluated using mean values of the influent and effluent BOD5 

concentrations and the Kickuth equation (Eq. 2). The KBOD was then compared 
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with values for other systems. It should however be noted that while the Kickuth 

equation enables some form of comparison between CWs, it is not recommended 

for the design of CWs treating strong effluents as there is no convincing evidence 

that the removal of organic matter in such CWs is indeed first-order.  

 

 

BOD

eod

h
K

ClnClnQ
A


                                                                            Eq. (2)                                 

 

where Ah is the reed bed surface area (m
2
), Qd is the average daily flow rate of the 

wastewater (m
3
/d); Co and Ce (mg/l) are influent and effluent BOD5 values 

respectively and KBOD is the rate constant (m/d) when the removal of organic 

matter is described by first-order kinetics. 

A KBOD value of 0.87 m/d was determined for the system in the current study 

and this is approximately 9 times the value of the rate constant obtainable in 

horizontal flow systems in the UK, which is reported to be about 0.067 – 0.1 m/d 

(Schierup and Brix, 1990; Copper et al., 1996). The KBOD value obtained in this 

study is also quite comparable to the KBOD values of 0.28 – 0.93 m/d obtained by 

Sun et al. (2005) in a similar study. The relatively higher value of the KBOD 

reflects the enhanced performance and the more efficient degradation of organic 
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matter in the tidal flow system, and this can be attributed to the enhanced oxygen 

transfer capability of the tidal flow system.  

However, what remains to be seen is the treatment performance of the system 

when the BOD5 loading rate equals and/or exceeds the theoretical oxygen transfer 

rate of the tidal flow strategy. For instance, as can be seen from Fig. 3, the BOD5 

loading rate rarely exceeded the theoretical oxygen transfer rate limit of 137.2 

g/m
2
.d for the tidal flow strategy. Within this theoretical limit, a very strong 

relationship was obtained between the removal rate and the loading rate with the 

removal rate increasing as the loading rate increased. However, although the 

loading and removal obtained from the system are quite higher than in 

conventional systems, it is suggested that the system be examined beyond the 

theoretical limits of the oxygen transfer rate.  

P removal in the system was consistently high as compared to the other 

pollutants. It is well known that P is a nutrient of concern during wastewater 

treatment in RBTSs and the media plays a dominant role in its removal. The 

process is believed to be through ligand exchange reaction in which phosphate 

displaces water or hydroxyl ions from the surface of iron and aluminium hydrous 

oxides (IWA, 2000). This provides justification for the use of the alum sludge 

cakes in the system, as the alum sludge used has an aluminium concentration of 

42.67 mg-Al/g (Babatunde, 2007), thus providing a high potential for ligand 
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exchange reactions. As can be seen in Fig. 4, SEM images of the used alum 

sludge cake particles (Fig. 4c) suggest a slimy covering on the surface as opposed 

to the smooth surface of the clean sludge (Fig. 4a). By further examining the 

sludge particles using the SEM-EDX as shown in Fig. 4b & d, a key difference 

noted is the observation of P on the surface of the used sludge particles. It can be 

explained that the abundance of aluminium ions in the sludge facilitated P 

removal from wastewater through ligand exchange. This is in agreement with the 

suggestions of Ippolito et al. (2003) which state that P retention by water 

treatment plant residual may be due to chemisorption, as P may be initially 

adsorbed as an outer sphere complex or found in the diffuse ion swarm near the 

individual sludge particles.  

Removal of SS was equally high and it ranged from 76.4 ± 2.0 % to 91.7 ± 3.2 

% respectively. This further indicates that the alum sludge acted as an excellent 

filter, lowering particulate pollutants concentration and thereby contributing to the 

overall treatment process. As anticipated, SS removal from the wastewater caused 

some build-up on the sludge surface, leading to a drop in the initial infiltration 

rate of wastewater into the system and subsequent ponding at the surface. It is 

well noted that the susceptibility of vertical flow reed beds to clogging is one of 

their very few drawbacks. In this particular case, possible combination with soil 

based constructed wetlands may minimise solids loads initially and then achieve 
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concurrent high oxygenation and P reduction in the alum sludge vertical flow reed 

bed. Reed growth was disappointing during the first two months with the reeds 

turning yellow and growth stunted. New growth however appeared after about 81 

days and continued thereafter, thus demonstrating that the dewatered sludge cakes 

can also be a potential growth medium for the reeds. On the possible release of 

aluminium from the alum sludge into the treated effluent, the mean concentration 

of soluble aluminium in the effluent was 0.04 0.01 mg-Al/l and this is well 

below the prescribed limits of 0.2 mg/l for Al for discharge into all waters 

(Babatunde and Zhao, 2009). Furthermore, it has been shown that of all the 

elements/metals in the alum sludge, aluminium has the lowest leaching potential 

relative to the initial mass of the constituent present in the alum sludge 

(Babatunde and Zhao, 2009). As regards what to do with the sludge when it is 

used up (saturated with phosphorus and organic matter), it has to be emphasized 

that while eventual P saturation is inevitable, the amount of P that would have 

been removed in a cost effective manner would have been justified. In addition, 

such an approach may lead to a value added reuse option for the alum sludge 

cakes as there may be possibility of utilizing them as soil improvers in agriculture 

and/or P source for plants. It can be argued that if sewage sludge can be 

developed/conditioned and reused as biosolids in agriculture, then such use for 

alum sludges should also be feasible. Kvarnstrom et al. (2004) and Lena (2006) 
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have both shown that upon saturation, P accumulated in constructed wetland 

substrates can be an effective P source for plants and the substrates can be used as 

soil improvers. On the other hand, it is possible to recover the P from the saturated 

sludge and this has been demonstrated by Zhao and Zhao (2009). 

 

5 Conclusions 

 

A lab-scale tidal vertical flow reed bed system was operated using dewatered 

alum sludge cakes as main substrate. Despite relatively high surface loadings of P, 

removal efficiency up to 93.7 0.8 % (soluble reactive phosphorus) was achieved 

during the 28 weeks of continuous operation. Mean concentration of soluble 

aluminium in the effluent was 0.04  0.01 mg-Al/l and this is well below 

prescribed limits. Removal of organics improved steadily with time and removal 

efficiencies of 82.3  3.5 % (BOD5) and 85.5 2.1 % (COD) were achieved in the 

system. A first-order KBOD value of 0.87 m/d was obtained in the system, and this 

is 9 times the KBOD value for horizontal flow systems in the UK.  
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