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Abstract 

Constructed subsurface flow wetlands have the potential for high phosphorus removal 
through chemical adsorption onto the media. Over the past decade researchers at Griffith 
University, Australia have been using 240L mesocosms to investigate the long term 
sustainability and performance efficiency of using different soil media and plant species to 
maximise nutrient removal from secondary wastewater effluent. The performance efficiency 
of fifteen different media mixes including amendments for enhanced phosphorus adsorption, 
and ten different plant species have been investigated. 
Total Phosphorus removal was highest (94-99%) in sand media amended with Water 
Treatment Residuals (WTR), followed by ‘brickies loam’ (92%), then sand amended with 
Red Mud or Krasnozems (86-89%) and lowest in gravel (44%). Phosphorus removal using 
sand with WTR had the greatest efficiency when treating influent with P concentrations 
ranging from 0.5-8mg/L (90-99%). The addition of biochar to sand did not enhance P 
removal during a 2 year trial. 
Leaching and export of P occurred from the media either after heavy rain or loading with 
stormwater having low P concentrations (< 0.06mg/L). However, following such ‘flushing 
events’ P sorption and hence P removal efficiency were enhanced.   
Mature plant assemblages could uptake up to 16gP/m2/year. Of the herbaceous plants the 
perennial grasses Pennisetum alopecuroides and Vetiver -Chrysopogon zizanioides, and the 
sedge Carex appressa had the highest biomass. The woody species Callistemon pachyphyllus 
and Melaleuca quinquenervia had the highest carbon sequestration (1000g C/m2/y).  Thus 
various sandy loam media can be used to enhance long term effective phosphorus removal, 
and plants can be used for carbon credits. 
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INTRODUCTION: 
 
Nutrient removal from municipal wastewater and urban stormwater is essential prior to 
release into natural water bodies to prevent eutrophication and safeguard downstream 
ecosystem health. In the wastewater industry Membrane Bioreactors (MBR) and Biological 
Nutrient Removal (BNR) are advanced technological processes to improve nutrient removal; 
however these technologies come at considerable installation, operational and life-cycle costs 
and have high energy usage (high carbon emissions). Alum dosing is used to achieve low 
phosphorus discharge concentrations but this is costly and introduces harmful chemicals into 
the environment.  
Constructed wetlands are efficient ecotechnologies for wastewater treatment with the 
advantage of low cost,  simple operation and low maintenance (Kadlec and Wallace, 2008). 
Unfortunately constructed wetlands are not being used widely enough for the treatment of 
sewage effluent, and yet these vegetated filter systems have proven to be highly effective in 
the removal of total suspended solids, biological oxygen demand, pathogens and 
nitrogen(Abou-Elela et al., 2013; de Rozari et al., 2015) however phosphorus removal is still 
a challenge (Ayaz et al., 2012; Vymazal, 2007).  
 



Whilst most wetland processes for contaminant removal are dependent on plants and 
microorganisms (Greenway, 2004), the removal of phosphorus relies on the chemical processes 
of sorption and /or precipitation. Hence it is the soil media that most strongly influences P 
removal capacity. Freewater surface flow wetlands thus have a more limited capacity for P 
removal (Greenway, 2005) than subsurface flow wetlands (horizontal flow and vertical flow) 
(Kadlec and Wallace, 2008). Arias et al., 2001; Arias & Brix, 2001 and Westholm 2006 
recognised the importance of trialing different media to enhance phosphorus removal. In his 
review Vymazal (2007) reported 60% TP removal but since then researchers have used a wide 
range of both natural and manmade media materials to enhance long term phosphorus 
removal and retention (Vohla et al.,2011; Ayaz et al., 2012, Ayaz et al.,2012; Sani et al. 
,2013; Martín et al. ,2013) 
 
In 2003 researchers at Griffith University commenced a series of vertical flow wetland 
mesocosms experiments focused on investigating media and plants for long term nutrient 
retention capabilities. This paper summarises the findings of 12 years research (2003 to 2015) 
into the effectiveness of 15 different media types for phosphorus adsorption from sewage 
effluent. 
.  
METHODS 
Experimental set up: media and plants 
To investigate the performance of different soil media and plant species we used 240L 
mesocosms (wheelie bins) (Fig. 1) with a surface area 0.25m2. Media depths ranged from 58-
62cm and were underlain with a 15cm gravel drainage layer. All experiments were conducted 
at the Loganholme Water Pollution Control Centre, near Brisbane, Australia.  

In Experiment 1 (2003) thirty mesocosms were constructed using 3mm gravel, sand with 4% 
silt/clay and loamy sand (89% sand, 8% silt, 3% clay) referred to as “loam” (Henderson et al, 
2007, Henderson, 2008). The vegetated ‘gravel’ mesocosms contained 20cm sand on top of 
60cm gravel. There were 10 mesocosms for each media (5 with vegetation, 5 unvegetated). 
Each vegetated mesocosm contained 5 species: 3 herbaceous and 2 shrubs. The mesocosms 
set up was modified in 2007 with the addition of 150L collection chambers supplied by 
Vinidex (Lucas & Greenway, 2008; Greenway & Lucas, 2009) 

In Experiment 2 (2007) a further 27 mesocosms were constructed using sandy media 
amended with varying proportions of Red Mud, Krasnozem soil and Water Treatment 
Residuals (Table 1); coir peat ( 12% by volume) was added to assist in moisture retention; 
there were 3 replicates for each media type (Lucas & Greenway, 2011a; Lucas,2013). The 
Red Mud, a by-product of refining bauxite to aluminium was supplied by Alcan; the 
Krasnozem soils, derived from weathered basalt comprising amorphous aluminium 
complexes, were obtained locally, and the Water Treatment Residuals, amorphous alum 
sludge a waste product of drinking water treatment, were obtained from Stradboke Island 
Water Treatment Plant. Each mesocosm contained 4 species: 3 herbaceous and 1 shrub. The 
mesocosms were designed with elevated outlets (Fig 1). 

 
 
 
 
 



Table 1. Composition of different media by % weight used in Experiments 1, 2 3and 4.      (S - 
Sand; RM- Red Mud; K - Krasnozem; WTR - Water Treatment Residuals, BC-Biochar; P - total 
phosphorus content of media mg/Kg, OM - organic matter.) Note 12% by volume of coir peat was 
added in Expt 2, 3and 4. 

 
Media Mix symbol Expt Sand 

% 
Loam
% 

RM 
% 

K 
% 

WTR 
% 

Top 
Soil 

BC 
% 

Pmg
/Kg 

OM 
% 

Gravel+S  GV 1 33         
Sand S/SV 1 100       25 0.2 
Loam L/LV 1  100      130 0.6 
S + RM RM06 2 75  5   20  32 1.8 
S+ RM RM10 2 71  9   20  32 2.5 
S+ K K20 2 86   14    70 3.5 
S+ K K30(10-40) 2 70   30    80 3.7 
S+ K K40 2 70   30    80 2.5 
S+WRT WTR30 2 80    20   150 4.2 
S +WTR+ K WTR+K 2 71   20 9   100 4.1 
S+WTR WTRMC 3 80    20   555 4.6 
Sand S100 4 100       60 0.4 
S+BC BC5 4 95      5 50 1.3 
S+BC BC10 4 90      10 55 2.2 
S+BC BC20 4 80      20 58 4.5 

 

  
Figure 1. Experiment 2 - Mesocosms with elevated outlets and collection chambers at Loganholme 
Water Pollution Control Centre. Source: Lucas & Greenway (2011b). 

In Experiment 3 (2009) another 12 mesocosms with elevated outlets were constructed using 
80% sand and 20% Water Treatment Residuals (obtained from the Mt Crosby Water 
Treatment Plant, Brisbane). Each mesocosm had 5 species: 3 herbaceous and 2 shrubs.  



In Experiment 4 (2013) another 21 mesocosms were constructed using sand and varying 
proportions of biochar derived from Eucalyptus wood (de Rozari et al., 2015). Only 4 media 
mixes are presented in this paper (Table 1). Each mesocosm had a grass and a shrub. 

Sewage Effluent Loading Regimes:  
In Experiments1, 2, 3 the mesocosms were intermittently loaded at either weekly, 2 weekly 
or monthly intervals. Inflow volumes varied between 90 to 135L and the entire outflow 
volume was collected in 150L cylindrical PVC chambers. Composite samples were collected 
within 12 hours.  

In Experiment 4 the mesocosms received a continuous flow of secondary clarified effluent 
for the first 8 months at a 4 day HRT. For the next 9 months they were intermittently loaded 
at 3 day intervals with septage. The outflows were collected and stored in the PVC chambers 
and composite samples taken every 2 weeks (de Rozari et al., 2016). 

In Experiment1 the mesocosms were initially loaded with stormwater (July 2003-December 
2005) (Henderson et al. 2007; Henderson, 2008) and  received a total load (g/m2) of 4.58 g TP, 
3.72 g PO4, From August 2006 the  mesocosms were irrigated with recycled sewage effluent 
(average composition: 4.8 mg TP, 3.94 mg PO4 L-1). Over the next 12 months the mesocosms 
were irrigated weekly and received a total load (g/m2) of 109.6 g TP, 83.5 g PO4, (Lucas & 
Greenway, 2008; Greenway &Lucas, 2009).  

In Experiment 2(2007- 2010) the mesocosms continued to be irrigated with recycled effluent 
(average composition: 4.8 mg TP, 3.94 mg PO4, L-1), with occasional ‘stormwater rinsing’ 
(average composition 0.78 mg TP, 0.57 mg PO4, L-1) (Lucas & Greenway, 2011a,c; Lucas, 
2013).  Over 3 years the mesocosms received a total load (g/m2) of 260g TP, 213g PO4,  

Experiment 3(2009-2013) was designed to investigate the effects of different phosphorus 
inflow concentrations on removal efficiency, in particular any leaching from the WTR media 
mix. Eight mesocosms were irrigated with synthetic stormwater (average composition 
0.46mg TP, 0.43mg PO4,) and four mesocosms were irrigated with recycled effluent (average 
composition: 3.63mg TP, 3.35mg PO4 L-1). Over 4 years the stormwater irrigated mesocosms 
received a total load (g/m2) 8g TP, while the effluent irrigated mesocosms received 102gTP. 

Experiment 4 (2013-2015) was designed to investigate phosphorus removal from sewage 
effluent with higher P concentrations. The 2 sources were secondary clarified effluent 
(average composition: 6.45mg TP, 5.10mg PO4 L-1) and septage ((average composition: 
24.45mg TP, 20.10mg PO4 L-1) (de Rozari et al. 2016). Total load was not determined. 

  

Plant biomass and nutrient accumulation: 
Sub samples of plant components were regularly analysed for N, P and Carbon tissue content. 
Shoots of grass and sedge species were cropped every 6 months to determine harvestable 
shoot biomass and to encourage regrowth. Total biomass harvesting of both above and below 
ground biomass was conducted after 4.5 years in Experiment 1, after 2 and 3 years in 
Experiment 2 , yearly in Experiment 3 and after 17 and 21 months in Experiment 4. 

RESULTS/DISCUSSION 
Nutrient Retention: Tables 2, 3, 4 summarise the results of these experiments. For 
comparison, mass retention has been normalized to g/m2/y and is based on the annual mean 
over the duration of the treatments. 

 



Experiment 1 
Treatment performance with the recycled effluent (between years 3 & 4) phosphorus 
retention was higher in the vegetated mesocosms, with vegetated loam having the highest 
removal efficiency (92% retention TP; 100 g-m-2-y-1). The higher performance efficiency of 
the vegetated media is also reflected in Fig 2. Of the barren media, gravel had the lowest P 
removal efficiency (15%) indicating it had reached P sorption capacity (also refer to Figure 
2).  

Table 2. Comparison of annual mass retention (g-m-2-y-1) & % P removal efficiency for 
different media in Experiment 1in Year 4.Source: Lucas & Greenway, 2008, 2011a, c; Lucas 2013 

Experiment 1 PO4-P TP 
 g/m2/y Retention  % Removal  g/m2/y Retention  % Removal  
Gravel 16 17 16 15 
GVeg 35 39 48 44 
Sand 30 33 42 38 
SVeg 56 62 73 67 
Loam 46 50 62 56 
LVeg 81 89 100 92 

Henderson (2008) and Henderson et al (2007b) investigated the sorption and desorption 
behaviour of nutrients in the loam media The media in the mesocosms which had received a 
total load of between 2.8 m-2 and 3.31g m-2 PO4-P no longer had the capacity to sorb more 
PO4-P at stormwater concentrations (0.55 mg.L-1 PO4).  The sorption isotherms indicated that 
for further sorption to occur the equilibrating solution would need to have a PO4-P 
concentration greater than 1.5 mg L-1.  This was supported by the subsequent research of 
Lucas & Greenway (2007) presented in Fig.2 when the same mesocosms were loaded with 
recycled effluent (year 3-4) with PO4-P concentrations between 3.3-6 mg L-1.  Fig. 2 which 
compares inflow and outflow concentrations of TP, showed less phosphorus removal over 
time as the cumulative load increased. After the application of 40 gm2 the mesocosms were 
leached with tap water and then dosed with stormwater which resulted in some desorption. 

Figure 2: Input and output concentrations mg L-1 phosphorous in vegetated and barren media 
as a function of cumulative load.  
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Even though the original loam media contained 130 mg.kg-1 phosphorus it still had the 
greatest phosphorus adsorption capacity. As shown in Fig 2, even after receiving a total load 
of 65g Pm-2 both the barren loam and vegetated loam mesocosms were capable of reducing 
phosphorus input concentrations from 5.3mg/l to 1.8 and 0.2mg/l respectively .   

Experiment 2 
Over the first 2 years, all media had high performance efficiencies for phosphorus ranging 
from 86-99% with annual mean mass retentions ranging from 70 -80g PO4 m-2-y-1 and 73-90g 
P m-2-y-1. The media amended with water treatment residuals (WTR+K and WTR30) had the 
highest P removal (98/99%), followed by the media amended with Red Mud (RM10). Even 
after 3 years with a total load (g/m2) of 213g PO4 and 260g TP, the RM10, WTR+K and 
WTR30 media showed no evidence of reduction in P retention, confirming high P sorption 
capacity. In Experiment 2 there was only one non-vegetated treatment (K20), P removal 
efficiency in this non vegetated media was 77% compared to 90% in the vegetated K20. 

Table 3. Comparison of annual mass retention (g-m-2-y-1) & % removal efficiency for different 
media in Experiment 2. Source: Lucas & Greenway, 2011a, c; Lucas 2013;  

Experiment 2 PO4-P TP 
Media  g/m2/y Retention  % Removal  g/m2/y Retention  % Removal  
RM06 70 92 86 88 
RM10 69 96 83 93 
K20 67 90 78 87 
K30 68 89 78 86 
K40 58 83 69 83 
WTR+K 61 94 82 93 
WTR 30 64 99 86 98 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Experiment 2- Ortho-phosphate inflow and outflow concentrations during effluent 
loading regimes (mg-L-1). a) K 20nv and K20 treatments, 80 weeks. b) K20, K10/40 and K40 treatments, 
110 weeks. c) RM06 and RM10 treatments, 110 weeks. d) WTR-K, WTR-Knr, and WTR30 treatments, 80 
weeks. nv = non-vegetated; nr = non-restricted outlet. Source: Lucas and Greenway 2011a, Lucas, 2013) 

d) WTR-K, WTRKnr and WTR30 Treatments, 80 weeks.
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Fig 3 presents the cumulative frequency distribution of inflow and outflow concentrations for 
PO4 over 80 weeks and 110 weeks. Inflow concentrations ranged from 1-10mg/l. For the 
K20 treatments outflow concentrations from the vegetated mesocosms (K20) were lower than 
the barren mesocosms (K20nv). At inflow concentrations greater than 1.2mg/l, the K20, K30 
(10-40) and K40 treatments, the outflow concentrations were statistically identical, but at 
lower inflow concentrations the K30(10-40) treatment achieved the lowest outflow 
concentrations. The RM treatments were generally more effective than the K treatments, 
whereas the WTR treatments were the most effective with 50% of outflow concentrations 
below 1mg/l. 

Experiment 3 
The mesocosms treated with recycled effluent maintained a performance efficiency of 99% P 
removal over the 4 years (Table4), comparable to the performance of the WTR treatments in 
Experiment2. Expt 3 received a lower mass load than Expt 2, with annual loads gradually 
decreasing over time (Table 4), however even after a total load of 186g/m2 TP the media 
continued to remove almost all the phosphorus. 

Table 4. Comparison of annual mass retention (g-m-2-y-1) & % removal efficiency over 4 years 
in Expt 3 using sand media (80%) with Mt Crosby WTR (20%).Source: Greenway unpublished. 

 
Experiment 3 PO4-P TP 

Year g/m2/y Retention  % Removal  g/m2/y Retention  % Removal  
1 57 99 59 99 
2 51 99 53 99 
3 41 99 43 98 
4 29 99 31 97 

TOTAL-4years 178g/m2  186g/m2  

 
Experiment 4 
During the first 8 months loading with secondary clarified effluent the sand only S100 
mesocosms performed better than the mesocosm with added biochar (BC)(Fig.4). Outflow 
concentrations in S100 were consistently below 2mg/L and removal efficiency in S100 
ranged from 71-90%forTP and 73-92% for PO4-P (de Rozari et al. 2016). 
 
 

 
 
Figure 4:  Experiment 4- Ortho-phosphate P influent and outflow concentrations during 
clarified secondary effluent loading regime (mg-L-1). de Rozari et al. 2016 
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During the first 4 months of loading with septage, the sand only S100 mesocosms continued 
to perform better than the mesocosms with added biochar (BC)(Fig.5).However between 19-
21February 2015 almost 200mm heavy rainfall (HR) occurred causing leaching of 
phosphorus(Fig.5). Subsequently all mesocosm treatments showed higher phosphorus 
retention (Fig.5) and performance removal efficiency (Fig 6). This phenomenon is similar to 
the “reset mechanism” described by Lucas and Greenway (2011). The BC5 and BC10 
mesocosms were destroyed in March 2015 for plant biomass. P removal in the remaining 
S100 and BC20 mesocosms over the next 5 months showed no significant difference in 
performance between the 2 treatments. TP and PO4-P removal ranged from 63-71%.and 66-
74% respectively ((de Rozari et al. 2016). 
 
 

 
 

 
 
Figure 5:  Experiment 4- Total P (a) and Ortho-phosphate P (b) influent and outflow 
concentrations during septage loading regime (mg-L-1).NB Samples on 22 Feb. 2015 followed a 
200mm rainfall event HR. Source: de Rozari et al. 2016 
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Figure 6:  Experiment 4- % Removal Total P during septage loading regime (mg-L-1) 
NB 200mm rainfall event between February and March samples. Source: de Rozari et al. 2016 
 
Plant biomass and nutrient accumulation: 
Of the herbaceous plants Pennisetum and Carex had the highest nutrient accumulation. 
Cropping shoots enhanced shoot growth. In Experiment 1 plant growth was highest in the 
loam media (Gautum and Greenway, 2014; Lucas and Greenway, 2008). In Experiment 2 
plant growth was similar in all sandy loam media with amendments (Greenway & Lucas, 
2010). In Experiment 4 growth of Melaleuca and Cymbopogon citratus (lemongrass) was 
highest in the sand media without biochar (de Rozari et al., 2016).Of the shrubs Callistemon 
and Melaleuca had the highest biomass. Plant uptake in Expt 1 after 4 years maturity ranged 
from 7gP in the sand /gravel media to 11g/m2/y in the loam. In Expt 2 and 3 after 2-3 years 
maturity plant uptake ranged from 11gP to 17gP/m2/y (Greenway and Lucas, 2010). Higher 
removal rates were attributed to luxury uptake (Greenway, 2007) and regular shoot 
harvesting in Pennisetum, Vetiver and Carex which invigorated regrowth. In Expt 4 after 2 
years plant uptake ranged from 4.1 gP/m2 in sand +25% biochar to5gP/m2 in sand only, with 
Melaleuca yielding the highest biomass 4.6gP(de Rozari et al., 2016). Over 2 years 
Pennisetum, Vetiver and Melaleuca yielded the highest carbon content 800-950 gC/m2/y. 
However after 4 years the total carbon content of the woody species was almost 4000g/m2. 

CONCLUSION 
In experimental trials conducted over 2-4 years sand amended with Red Mud, Krasnozem 
soils and Water Treatment Residuals were highly effective in phosphorus removal, with up to 
99% retention in the WTRK, WTR30, WTRMC treatments. The addition of Biochar to sand 
media did not improve P retention over 2 years however following rainfall leaching P 
removal increased. Sandy loam media was more effective than gravel/sand. Mature plant 
assemblages accounted for annual removal and incorporation into plant biomass of up to 
17gP m-2 and 1000gC m-2. The woody species Callistemon and Melaleuca had the highest 
carbon sequestration.  
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