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a b s t r a c t

Treatment of various types of wastewaters is an urgent problem in densely populated areas of many
tropical countries. We studied the potential of using Sesbania sesban, an N2-fixing shrub, in constructed
wetland systems for the treatment of high-strength wastewater. A replicated horizontal subsurface flow
system and a saturated vertical downflow system was established with planted and unplanted beds
to assess the effects of system design and presence of plants on treatment performance. The systems
were loaded with a mixture of domestic and pig farm wastewater at three hydraulic loading rates of 80,
160 and 320 mm d−1. The S. sesban plants grew very well in the constructed wetland systems and pro-
duced 17.2–20.2 kg dry matter m−2 year−1 with a high nitrogen content. Mass removal rates and removal
rate constants increased with loading rate, but at 320 mm d−1 the effluent quality was unacceptable and
hydraulic problems appeared. Mass removal rates and removal rate constants were much higher than
reported in other studies probably because of the high-strength wastewater, the high loading rates and
the tropical conditions. Planted systems removed pollutants much more efficiently than the unplanted

controls. Direct plant uptake constituted only up to 8% of the total-N removal and 2% of the P removal at
the lowest loading rate, and was quantitatively of low importance compared to other removal processes.
The significant effects of plants were therefore related more to their indirect effects on the removal pro-
cesses. This study for the first time documents that S. sesban can be used in constructed wetland systems
for the treatment of polluted water while at the same time producing a valuable N rich biomass that can
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be used for animal fodder

. Introduction

The rate of global population growth, urbanization, economic
nd industrial development, causes many challenges and pressures
ue to the impacts of wastewater discharges on surface water qual-

ty. To achieve water quality for safe agricultural production and
ublic health, water treatment should be solved with reasonable
nd economic solutions. The use of wetlands in water pollution
ontrol is a cost-effective treatment option that is widely used
round the world (Vymazal et al., 2006; Kadlec and Wallace, 2009).
onstructed wetland systems are engineered systems that have
een designed and constructed to utilize natural processes involv-
ng wetland vegetation, soils, and associated microbial assemblages
o assist in treating wastewater. They are designed to take advan-
age of many processes that occur in natural wetlands (Kivaisi,
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001; Mitsch and Gosselink, 2007). Constructed wetland systems
ave advantages, such as low cost of construction and mainte-
ance, low energy requirements, and they are less susceptible
o variations in loading rate compared to conventional technical
astewater treatment systems (Kadlec et al., 2000; Kadlec and
allace, 2009). Furthermore, constructed wetland systems can

ave multi-functions, including wildlife values and the produc-
ion of usable plant biomass (Knight, 1997). Constructed wetland
reatment systems generally fall into two categories: subsurface
ow systems and free water surface flow system. Subsurface flow
ystems are designed with horizontal or vertical subsurface flow
hrough a permeable medium (typically sand, gravel or crushed
ock). Vertical flow systems can have unsaturated conditions in
he media when the bed is drained, and saturated conditions when
he effluent pipe is at level with the bed surface. Free water sur-

ace flow systems are shallow basins with water on the surface,
nd the treatment processes occur through complex interactions
etween the vegetation and the associated biofilms in the water
hase.

dx.doi.org/10.1016/j.ecoleng.2010.07.030
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
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Fig. 1. Sketch of the experimental system showing the 10 m3 storage and m

The Mekong Delta in Vietnam is strongly based on agriculture,
s 75% of the 40.000 km2 land is agricultural land. A large frac-
ion of the population in the Delta (18 million) is farmers living in
ommunities, which are split into small parcels along the water-
ays. Human organic sanitary waste as well as the excrements of
igs, poultry and other livestock is disposed mostly directly into
he surface waters. However, as most of the local farmers depend
n the surface water for drinking, irrigating their crops, fishing, and
quaculture, protection of this water source is crucial. The organic
anitary waste can be valuable when used for fertilizing soils for
ropping or for growing fish, but may harm the environment, espe-
ially the water when discharged uncontrolled (Nhan et al., 2006,
008).

Sesbania sesban is an atmospheric N2-fixing scrub that has both
conomic and biological values. It has a long history of agricultural
se, primarily as green manures and as sources of forage (Evans et
l., 1990). In Vietnam, leaves of Sesbania species are used as forage
o supplement rice straw in the animal diet, and mulch for home
ardens. In the Mekong Delta, S. sesban grows very fast in the wet-
and areas of the provinces of Dong Thap, Omon, Can Tho, Vinh Long
nd An Giang. Sesbania biomass decomposes rapidly due to the soft
lant structure and high N content, and it provides nutrients to soil
nd other plants (Myers et al., 1994). In addition, Sesbania can bring
ncome from wood, fodder or fruit products (Young, 1997).

The ability of S. sesban to grow at different ammonium (NH4
+)

oncentrations has been studied in soil culture, and it was shown
hat S. sesban seedlings can tolerate NH4

+ concentrations up to
00 mg L−1 (Indieka and Odee, 2005). In hydroponic culture, S. ses-
an grows well up to at least 70 mg L−1 NH4

+ (Dan and Brix, 2009).
his high tolerance towards exposure to NH4

+ suggests that S. ses-
an has a potential for use in wastewater treatment systems.

This study was carried out to evaluate the potential of using
. sesban in constructed wetland systems treating high-strength
astewater. Two types of subsurface flow constructed wetlands
ith saturated water flow were studied: a horizontal subsurface
ow (HF) system, and a saturated vertical downflow systems (VF).
he performance of planted HF and VF systems versus unplanted
ontrols was evaluated at three loading rates. Based on the perfor-
ance data, removal rate constants were estimated and the growth

nd nutrient uptake of S. sesban calculated. The study aims to doc-
ment for the first time that S. sesban can be used in constructed
etland systems for the treatment of high-strength wastewater
hile at the same time producing a valuable N rich biomass that

an be used for animal fodder or soil amendment.

. Material and methods
The research was carried out at a food animal processing
ompany at Phung Hiep district, Hau Giang province, Vietnam
9◦48′21′′N; 105◦49′33′′E). The climate is tropical with high tem-
eratures and high humidity. Wastewater from housings, including

s
T
r
3

ank, the four vertical flow (VF) beds and the four horizontal flow (HF) beds.

small pig farm located at the company, was used as the source of
astewater for the study. An experimental system was set up in
pril 2007 to compare the performance of HF and VF constructed
etland systems, both with saturated media, as well as the effects

f plants. The system consisted of four units of each CW type of
hich two were planted with S. sesban, and two were left unplanted

Fig. 1).

.1. The vertical flow system (VF)

The VF units consisted of 1.13 m diameter plastic tanks installed
ith a 0.8 m deep vertical filter. The filters were built up, from

he bottom, of 0.2 m of coarse gravel (Ø20–60 mm), 0.4 m of
racked coconut shells (size about 40 mm) and 0.2 m of river sand
Ø0.5–1 mm). The coconut shell and the sand layers were sepa-
ated by a 0.05 m layer of gravel (Ø6–12 mm) in order to prevent
he sand from washing down into the coconut shell layer. Coconut
hells, as a readily available waste product, were used to decrease
osts of the systems. In the drainage layer, a 72 mm diameter
rainage pipe was installed to collect the treated wastewater. The
astewater was loaded onto the surface of the filters through pipes
ith four holes placed at equal distances to distribute the water

venly over the surface. Loading of the water occurred in small
atches to secure a good distribution of the water over the sur-
ace, and was obtained by 4 L siphons installed in the inlet line. The
ater level in the VF systems was kept 20 mm below the surface
uring the experiment by a vertical standpipe. Consequently the
lters were saturated with water during operation. The porosity of
he systems was about 35% as estimated when filling the empty
eds with water. Hence, the nominal residence times at the three
ydraulic loading rates of 80, 160 and 320 mm d−1 were 3.5, 1.8
nd 0.9 days, respectively.

.2. The horizontal flow system (HF)

The HF units were constructed as 5 m × 1 m × 1 m (L × W × D)
oncrete tanks with a bottom slope of 1% and installed with a 0.75 m
eep horizontal filter. The filters were built up, from the bottom,
f a 0.20 m layer of coarse gravel (Ø20–60 mm), a 0.25 m layer of
racked coconut shells (size about 40 mm), a 0.05 m layer of gravel
Ø6–12 mm), and a 0.3 m layer of sand (Ø0.5–1 mm) at the top.

astewater was distributed across the width of the systems at the
nlet end by a Ø36 mm pipe, and effluent was collected from the
ottom of the outlet end through a Ø72 mm drainage pipe. The
ater levels in the beds were controlled at 20 mm below the bed
urface during operation by a vertical standpipe at the effluent end.
he porosity of the systems was about 35%. Hence, the nominal
esidence times at the three hydraulic loading rates of 80, 160 and
20 mm d−1 were 3.3, 1.6 and 0.8 days, respectively.
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Table 1
Average (±SD) composition of the wastewater loaded into the experimental system
during three loading campaigns (n = 40).

Parameters Hydraulic loading rate

80 mm d−1 160 mm d−1 320 mm d−1

Turbidity (NTU) 36 ± 7 71 ± 2 85 ± 1
BOD (mg L−1) 28 ± 2 71 ± 2 83 ± 2
COD (mg L−1) 126 ± 11 205 ± 2 264 ± 3
NH4-N (mg L−1) 163 ± 17 224 ± 4 312 ± 1
NO3-N (mg L−1) 3.1 ± 0.3 4.2 ± 0.2 5.9 ± 0
Total-N (mg L−1) 478 ± 23 603 ± 2 703 ± 3
Total-P (mg L−1) 135 ± 6 145 ± 9 143 ± 1
pH 7.75 ± 0.07 8.26 ± 0.04 8.87 ± 0.02
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.3. Plant material

S. sesban plants were produced from seeds in 1 L pots following
he procedure described by Dan and Brix (2007). After 4 months,
lants of a uniform size (cut down to about 850 mm height) were
elected and planted at a density of 0.2 m × 0.2 m (a total of 120
lants in each HF bed and 24 in each VF bed). During the initial 2
eeks, the plants were watered daily with dilute wastewater to

timulate plant establishment.

.4. The wastewater system

A 350 m3 primary pond receiving the liquid manure from the pig
arm as well as wastewater from the housing at the food processing
ndustry was used as the source of wastewater for the experiment.
he wastewater from the pond was pumped into a 10 m3 storage
ank and here mixed with groundwater in a 1:1 ratio. The water
rom the storage tank was pumped to three 20 L dosing tanks placed
t a higher elevation than the CW beds to allow for gravity feeding.
he loading rate of the CW units was controlled by valves and timer-
ontrolled pumps delivering water to the dosing tanks.

.5. Water and plant sampling

Performance at three hydraulic loading rates (HLR) of 80, 160
nd 320 mm d−1 was assessed in the system, starting at the low
LR of 80 mm d−1. The HLR was set by timer-controlled pumps and
ater meters and kept constant for at least 2 weeks before sam-
ling. Then grab-samples of influent and effluent water from each
ed were taken daily during five consecutive days. Water samples
ere collected in 1 L glass bottles, transported to the laboratory and

tored at 4 ◦C until analysis (usually within 3 days). After sampling
t one loading rate, the HLR was increased to the next HLR, and the
ystems allowed to acclimate to this higher loading rate for at least
weeks before water samples were taken again during five con-

ecutive days. The total number of water samples collected was
40 (3 HLRs × 5 days × 8 beds × 2 sampling points, inlet and out-

et). Sampling occurred during the dry period (December 2007 and
anuary 2008). The effluent water quality at each 5-day sampling
ampaign was fairly constant indicating that the systems were in a
teady state and that the acclimation period were long enough to
llow the systems to adjust to the new loading rate.

The initial size of the plants was estimated by collecting 10
lants at random from the beds and measuring shoot height and
iomass. After the last sampling campaign, 10 random plants were
arefully dug out of the medium in each bed to estimate final
iomass and growth rate. The length of the root system was mea-
ured with a ruler from the base to the tip of the longest root.
umber of leaves were counted and the shoot height measured

rom the base of the shoot to the tip of the longest shoot. Har-
ested plants were fractionated into leaves, stems and roots and
heir fresh weight (FW) and dry weight (DW) measured after dry-
ng to constant weight in a 60 ◦C ventilated oven. A total of 50 plants

ere sampled (10 initially and 10 plants from each of four planted
eds at the end).

.6. Chemical analysis

The water samples were analysed for temperature, pH, elec-
ric conductivity (EC), dissolved oxygen (DO), turbidity, chemical
xygen demand (COD), biochemical oxygen demand (BOD5),

mmonium nitrogen (NH4-N), nitrate nitrogen (NO3-N), total
itrogen (TN) and total phosphorus (TP). Temperature, pH, EC,
O and turbidity were measured in the field by a Pioneer 10,
0, 30 portable analyser (Radiometer Analytical SAS, France). COD

fi
t
g
p

DO (mg L−1) 0.47 ± 0.04 0.12 ± 0.01 0.08 ± 0.01
EC (mS cm−1) 1.0 ± 0.2 1.7 ± 0.1 2.5 ± 0.1

as analysed by the K2Cr2O7 method according to APHA (1998).
OD5 was analysed by the OxiTop system (WTW GmbH, Weilheim,
ermany). NH4-N and NO3-N were analysed on GF/C-filtered sam-
les by colorimetric methods (Lachat Instruments, Milwaukee, WI,
SA), and TN and TP were analysed following standard methods

APHA, 1998). The dried plant samples were finely ground with a
all mill grinder and the contents of TN and TP analysed after acid
igestion in H2SO4 and H2O2 (3:1) at 350 ◦C following standard
ethods (APHA, 1998).

.7. Removal rate constants

First-order area-based removal rate constants, assuming expo-
ential removal, were calculated for BOD, COD, TN, NH4

+ and TP
sing the following equation (Kadlec and Knight, 1996): K = HLR
ln Cin − ln Cout) where K is the area-based first-order removal rate
onstant (m year−1), HLR is the mean hydraulic loading rate for the
iven monitoring period (m year−1), Cin is the inlet concentration
mg L−1), and Cout is the outlet concentration (mg L−1). We did not
nclude the irreducible background wetland concentration (C*) in
he equation as we did not have reliable estimates of C*.

.8. Statistics

All statistics were carried out using the software Statgraph-
cs Centurion ver 15.2 (Manugistics, Inc., MD, USA). Data were
ested for normal distribution and variance homogeneity using
olmogorov–Smirnov test and Levene’s tests, and if necessary

og-transformed to ensure homogeneity of variances. The General
inear Models (GLM) procedure was used to analyse the data with
ystem type (VF and HF), plant (planted versus unplanted) and HLR
80, 160 and 320 mm d−1) as fixed factors and sampling campaign
s a random factor nested within system type and plant. Differ-
nces between individual means were identified using Tukey HSD
rocedure at the 5% significance level.

. Results

.1. Inlet water quality

The composition of the wastewater that was loaded into the
xperimental beds changed during the experiment and became
ore concentrated towards the end of the study (Table 1 and

ig. 2). The experiment was initiated during the rainy season which
aused more rainwater to enter the wastewater pond during the

rst part of the study compared to later. Even though we attempted
o obtain an equal strength of the wastewater by mixing it with
roundwater in the 10 m3 storage tank, the contents of pollutants,
articularly COD and N, were about twice as high at the 320 mm d−1
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ig. 2. Average (±SE) outlet concentrations of COD (a), BOD5 (b), turbidity (c), total-
ownflow (VF) constructed wetland beds at three hydraulic loading rates. Average

LR compared to 80 mm d−1 HLR. Hence, the influent mass loadings
ere about 8× higher for 320 mm d−1 HLR compared to 80 mm d−1

LR for these compounds. The concentrations of N and P in the
astewater were nearly 10 times higher than the levels in ‘normal’
omestic sewage, whereas BOD and COD levels were in the range
xpected in partly decomposed domestic sewage. There were no
ignificant (P > 0.05) differences in the composition of the wastew-
ter loaded into the different systems.

.2. Effluent water quality

The effluent concentrations of all measured parameters differed

ignificantly between type of system and loading rate, and the
ffects of loading rate on effluent concentration of all parameters,
xcept TN, differed between the systems as shown by significant
nteractions in the GLM analysis (Table 2). Also, there was a signifi-

w
V
3
(

H4-N (e) and total-N (f) in planted and unplanted horizontal flow (HF) and vertical
oncentrations are shown as black bars over the columns.

ant effect of plants for all parameters, and a significant interaction
etween system type and plant for all parameters, except NO3

− and
H. The effects of plants differed between loading rates as shown
y significant interactions between loading and plant in the GLM
nalysis for all parameters.

The pH of the water decreased by passing through the CW beds
nd more so in VF beds (average 0.9 pH units) than in HF beds (aver-
ge 0.6 pH unit) (data not shown). The DO increased slightly from
.2 to 2.0 mg L−1 in VF beds and from 0.2 to 1.5 mg L−1 in HF beds,
nd increased more in planted VF beds than in unplanted (data not
hown). The effluent from the VF beds was generally less turbid
han that of the HF beds, but turbidity in the effluent increased

ith loading rate (Fig. 2c). Effluent BOD concentrations from the
F beds were 9–11 mg L−1 at a HLR of 80 mm d−1 and increased to
5–42 mg L−1, lowest in the planted beds, at a HLR of 320 mm d−1

Fig. 2b). In the HF flow beds, the BOD effluent concentrations were
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Table 2
Results of an analysis of variance (P-values) of effluent water quality parameter. A GLM model with A: system type (VF and HF), B: plant (planted versus unplanted) and D:
HLR (80, 160 and 320 mm d−1) as fixed main factors, and C: sampling campaign as a random factor nested within system type and plant. P-Values < 0.05 are shown in bold.
Df = degrees of freedom.

Parameter A: System (Df = 1) B: Plant (Df = 1) A × B (Df = 1) C: Campaign (A × B) (Df = 4) D: HLR (Df = 2) A × D (Df = 2) B × D (Df = 2)

Turbidity 0.0000 0.0000 0.0019 0.9582 0.0000 0.0000 0.0001
BOD 0.0000 0.0000 0.3612 – 0.0000 0.0000 0.0000
COD 0.0000 0.0000 0.0021 0.9828 0.0000 0.0016 0.0004
NH4-N 0.0000 0.0000 0.0139 0.9316 0.0000 0.0000 0.0001
NO3-N 0.0000 0.0000 0.1241 0.9861 0.0000 0.0044 0.0000
Total-N 0.0000 0.0000 0.0001 0.9954 0.0000 0.3667 0.0016
Total-P 0.0000 0.0000 0.0000 0.9975 0.0000 0.0000 0.0000

0.6132
0.9614
0.2941
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pH 0.0004 0.0000 0.4100
DO 0.0000 0.0000 0.0001
EC 0.0001 0.0015 0.0265

enerally higher than from the VF beds with the exception of the
LR (80 mm d−1) at which both bed types were similar (Fig. 2b).
he general pattern for COD was similar to that of BOD with lower
ffluent concentrations from the VF beds and slightly lower concen-
rations from planted beds (Fig. 2a). Effluent concentrations of TP
ere two-factor higher in the effluent from HF beds (ca. 60 mg L−1)

han VF beds (ca. 30 mg L−1) (Fig. 2d). There was a very significant
ffect of plants on effluent P concentration in both types of systems,
ut most so for the VF system. Effluent concentrations of both TN
nd NH4-N were also significantly lower in the VF systems than in
he HF systems, and the effects of plants were also apparent (Fig. 2e
nd f).

.3. Mass removals

The mass loading rates reached levels of: BOD 27, COD 85, TN
25, NH4-N 99 and TP 46 g m−2 d−1 at the highest HLR, and did not
iffer significantly between the beds. The maximum mass removal
ates at the highest HLR were: BOD 16, COD 50, TN 178, NH4

+-N 80
nd TP 36 g m−2 d−1 in the planted VF beds, while the maximum
ass removal rates were lower in the planted HF beds: BOD 13,

OD 37, TN 119, NH4-N 58 and TP 23 g m−2 d−1.
In Fig. 3 the mass removal rates are plotted against the mass

oading rates of COD, BOD, TP, NH4-N and TN. The lines in the
lots represent total removal. As expected, the mass removal rates

ncreased with mass loading rates, and there was a tendency for
he mass removal rates to level off at high mass loadings. Further-

ore, the mass removal rates generally were higher in VF systems
ompared to HF systems, and higher in planted beds than in the
nplanted beds, especially at higher influent loadings.

Removal efficiencies were higher in VF systems compared with
F systems (Fig. 4). The average removal efficiencies of COD, BOD
nd TP were 68, 72, and 92%, respectively. The removal efficiencies
f TN and NH4-N at a HLR of 160 mm d−1 in the VF system were
5 and 88%, respectively. As expected, the removal efficiency of all

arameters decreased with increasing HLR. Comparison of removal
fficiencies between planted and unplanted beds show that for all
ollutants, the removal efficiencies were higher in planted beds
han in the unplanted beds (Fig. 4).

g
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able 3
esults of an analysis of variance (P-values) of removal rate constant. A GLM model with A
nd 320 mm d−1) as fixed main factors, and C: sampling campaign as a random factor ne
f freedom.

Parameter A: System (Df = 1) B: Plant (Df = 1) A × B (Df = 1) C: Cam

KBOD 0.0000 0.0000 0.0028 –
KCOD 0.0000 0.0000 0.0890 0.7086
KNH4 0.0001 0.0001 0.5576 0.6385
KTN 0.0000 0.0000 0.0000 0.9986
KTP 0.0000 0.0000 0.0001 0.9652
0.0000 0.0280 0.0000
0.0000 0.0043 0.0044
0.0000 0.0001 0.0001

.4. Removal rate constants

Removal rate constants differed significantly between type of
ystem and increased with loading rate, but the effects of loading
ate differed between systems as shown by significant interactions
n the GLM analysis (Table 3). There were also significant interac-
ions between plant and loading, and plant and system, showing
hat plants had a significant effect on the removal rate constants.
emoval rate constants were generally much higher at high loading
ates (Fig. 5).

KCOD in planted VF systems ranged between 33 and
04 m year−1, lowest at a HLR of 80 mm d−1 in both systems and
ighest in the planted VF system at a HLR of 320 mm d−1 (Fig. 5a).
COD for planted HF were similar at 160 and 320 mm d−1, indicat-

ng a maximum reaction rate was reached at about 70 m year−1.
he pattern for KBOD was similar in planted HF beds with values
anging between 25 and 75 m year−1 (Fig. 5b). A maximum KBOD
f about 100 m year−1 seems to have been observed for planted VF
ystems (160 and 320 mm d−1 the same). The removal rate constant
or total-P, KTP, was much lower in unplanted beds compared with
lanted beds, and higher in VF systems than HF systems (Fig. 5c).
he maximum KTP (224 m year−1) was recorded in the planted VF
ystems at a HLR of 320 mm d−1. The removal rate constants for
H4-N and TN were generally twice as high in the VF systems com-
ared to the HF systems (Fig. 5d and e). KTN was relatively low in
he unplanted HF at all HLRs, indicating an importance of plants for
N removal in such systems. The maximum value of KNH4 and KTN
ere 186 and 183 m year−1, respectively, in the planted VF system.

.5. Plant growth and nutrient uptake

Plants grew best in the VF beds compared to the HF beds, but the
oot to shoot ratio did not differ between the two types of systems
Table 4). Other growth parameters like root elongation rate, shoot
longation rate, leaf production rate and biomass production were

enerally 1.17–1.25 times higher in the VF systems compared to
he HF systems. Nitrogen concentrations in the S. sesban biomass
ere relatively high in general (Table 5). The plants in the VF beds

ontained higher concentrations of N and P in their tissues com-

: system type (VF and HF), B: plant (planted versus unplanted) and D: HLR (80, 160
sted within system type and plant. P-Values < 0.05 are shown in bold. Df = degrees

paign (A × B) (Df = 4) D: HLR (Df = 2) A × D (Df = 2) B × D (Df = 2)

0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0007
0.0000 0.0000 0.0000
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Fig. 3. Mass removal rates plotted against mass loading rates of COD (a), BOD5 (b), total-P (c), NH4-N (d) and total-N (e) in planted and unplanted horizontal flow (HF) and
vertical downflow (VF) constructed wetland beds at three hydraulic loading rates. The lines in the plots represent total removal.

Table 4
Growth characteristic of Sesbania sesban in horizontal flow and vertical flow systems
(mean ± SE).

Parameters Horizontal flow Vertical flow

Relative growth rate (d−1) 0.04 ± 0.01a 0.06 ± 0.01b

Root elongation rate (cm d−1) 0.54 ± 0.02a 0.68 ± 0.02b

Shoot elongation rate (cm d−1) 3.1 ± 0.1a 3.6 ± 0.1b

Leaf production rate (No d−1) 1.6 ± 0.1a 2.4 ± 0.1b

Root to shoot ratio 0.31 ± 0.01 0.32 ± 0.01
Root dry weight (g) 20.9 ± 0.6a 24.4 ± 0.6b

Leaf dry weight (g) 8.7 ± 0.2a 10.9 ± 0.2b

Shoot dry weight (g) 66 ± 1a 75 ± 1b

Means with different superscripts (a and b) in the same row differ significantly
(P < 0.05).

Table 5
Total-N and total-P concentrations in roots, stem and leaf fractions of Sesbania sesban
from horizontal flow and vertical flow systems (mean ± SE).

Horizontal flow Vertical flow

Total-N (% DW)
Roots 3.05 ± 0.01a 4.32 ± 0.05b

Stems 2.09 ± 0.01a 3.49 ± 0.01b

Leaves 5.51 ± 0.09a 6.17 ± 0.03b

Total-P (mg g−1 DW)
Roots 3.19 ± 0.19a 4.33 ± 0.04b

Stems 2.21 ± 0.03a 3.63 ± 0.05b

Leaves 5.31 ± 0.04a 6.09 ± 0.01b

Means with different superscripts (a and b) in the same row differ significantly
(P < 0.05).
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ared to plants from the HF system. The dry biomass production
n the two systems during the experimental period were 20.2 and
7.2 kg m−2 year−1 for the VF and HF system, respectively.

Using the biomass production rates and the tissue N and P con-
entrations, the plant uptake of N was estimated to be 2.26 and
.27 g m−2 d−1 for the VF and HF systems, respectively, and the
lant uptake of P was estimated to be 0.23 and 0.13 g m−2 d−1 for
he VF and HF systems, respectively. Comparing the plant uptake of

with the mass removal rates in the system, it can be seen that the
lant uptake constituted between 1.1 and 8.2% of N mass removal
nd between 0.6 and 2.2% of P mass removal, highest at low loading
ates and in the VF systems.

. Discussion

The S. sesban plants grew very well in the constructed wetland
ystem in spite of the high loadings with high-strength wastewater.
s S. sesban is a valuable species used for many purposes in tropi-
al areas, including fodder for animals and mulch for homegardens,
he incentive to use S. sesban in constructed wetland systems may
e high as compared to use of other non-use wetland plants. The N

oncentrations of the plant tissues were high: approx. 6% in leaves,
% in roots and 3% in stems, showing the high nutritive value of the
lant tissue. Combined with the high growth and biomass produc-
ion of S. sesban in the systems, this documents the high potential
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H4-N (e) and total-N (f) in planted and unplanted horizontal flow (HF) and vertical

f using S. sesban for the treatment of wastewater in constructed
etland systems while simultaneously producing a useable crop.

n addition, S. sesban significantly improved the treatment perfor-
ance of the constructed wetland systems as compared to the

nplanted controls.
Both mass removal rates and the estimated removal rate con-

tants increased with loading rate, but for some parameters the
ate constants were nearly similar at HLRs of 160 and 320 mm d−1,
ndicating a maximum reaction rate was reached. This is supported
y the fact that, at the highest loading rate, the effluent quality
everely deteriorated resulting in unacceptable high pollutant lev-
ls, and that hydraulic problems resulting in surface flow started
o appear. Therefore, the very high removal constants estimated
t the highest loading rate of 320 mm d−1 should not be used for
uture designs. Rather, the rate constants at the intermediate HLR
f 160 mm d−1 might be used as an indication of what removal
ates can be expected, under due consideration to the type of
astewater. The removal rate constants for BOD and COD were
igh: KBOD 102 and 65 m year−1 for planted VF and HF systems,
espectively, and KCOD 86 and 64 m year−1 for planted VF and
F systems, respectively. This is in the higher range of K-values
eported in the literature, probably partially because of the higher
emperature (Kadlec and Knight, 1996; Knight et al., 2000; Oovel
t al., 2007; Konnerup et al., 2009; Kantawanichkul et al., 2009;
adlec and Wallace, 2009). We did not include the irreducible back-
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ystems under tropical conditions.

The VF beds generally performed better than the HF beds. As

oth types of beds had saturated flow, the better performance of
he VF systems were probably related to the hydraulics of the sys-
em. Before planting, we did conduct tracer tests using NaCl and
lectric conductivity (EC) to estimate the retention time distribu-
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ion of 2 HF systems and 2 VF systems. However, because of heavy
ain during the tests, the data did not allow us to quantify the reten-
ion time distributions of the systems. However, the tracer tests
ndicated that the coarse layers in the HF beds with high hydraulic
onductivity acted as a shortcut for water to pass quickly to the
utlet. In the VF beds this was not observed. The generally better
reatment performance of VF beds as compared to HF beds there-
ore seems to be related to a better hydraulic efficiency of the filters
nd to the presence of the small sand layer at the top of the filter
nd the consequent better filtration capacity.

Mass removal rates and removal rate constants for NH4-
removal as well as TN removal were exceptional high and

igher than reported in the literature, probably because of the
igh-strength wastewater, the high loading rates and the trop-

cal conditions. The short-term nature of the monitoring might,
owever, also have influenced the results. Removal of P was, unex-
ectedly, relatively high in the system, particularly in the planted
eds with vertical downflow. We expected the gravel, sand and
racked coconut material used in the bed medium to have a low
inding capacity for P. However, we did not study that. The propor-
ion of P taken up by the plants constituted less than 2.2% of the P
emoval showing that plant uptake of P was not quantitatively sig-
ificant. The relatively efficient P removal in the systems can only
e explained by accumulation in the bed medium of sludge and
ineral particles and by adsorption to the bed medium. The high

trength of the wastewater probably also influenced performance.
he average mass removal rates of P at a HLR of 160 mm d−1 for
lanted VF and HF systems were 22.8 and 18.4 g m−2 d−1, respec-
ively, and the removal rate constants were 90 and 224 m year−1,
espectively, which is much higher than reported in other studies
Kadlec and Knight, 1996; Oovel et al., 2007).

Nitrogen processing in the wetland was high, but not complete,
s the concentrations in the effluent were still high. Because of
he water saturated conditions in both types of systems, nitrifica-
ion was probably negligible. In vertical flow constructed wetland
ystems with unsaturated flow, as used in several other studies,
he aeration of the filter medium is much better providing good
onditions for ammonia oxidizing bacteria. It would be interesting
n future studies to evaluate the performance of unsaturated ver-
ical filters particularly for N processing, as the nitrification and
ence N removal would be expected to be even more efficient.
owever, the physical structure of the vertical filter should allow

he water to be held in the filter long enough to allow adequate
ontact with the bacteria growing on the surface of the gravel to
ecure both ammonification and nitrification. The filters used in
he present study were relative shallow (ca. 0.8 m) and consisted
f coarser materials compared with unsaturated vertical flow sys-
ems used in temperate regions (Brix and Arias, 2005a,b). Ammonia
olatilization can be significant in constructed wetland systems at
igh ammonium concentrations in the wastewater, even at neutral
H (Hunt and Poach, 2001). Hence, in the present study ammonia
olatilization might have contributed significantly to the removal,
ecause of the high NH4-N concentrations, pH 7.9–8.9 and the high
emperatures.

Plant uptake did contribute to the N removal, particularly at low
oading rates (up to 8% of removal), but plant uptake was quantita-
ively of low importance compared to other removal processes as
as also been shown in many other studies (Tanner et al., 2002). The
ffects of plants in different types of constructed wetland systems
as been a matter of controversy (Brix, 1994, 1997; Tanner, 2001),
ut many studies have found no or very little difference between

he treatment performance of planted and unplanted controls in
mall scale mesocosm studies (Tanner et al., 2002). In the present
tudy, we did, however, find statistically significant effects of plants
n removal of all parameters. Direct uptake of nutrients into the
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lant tissues were of little quantitative importance because of the
igh loading rates, suggesting that the positive effects of plants on
emovals were mainly of indirect nature. The physical effects of the
lant tissues and the plant roots in the filter bed may have improved
he hydraulic performance of the coarse filter medium, particularly
he cracked coconut shell layer. Also, the roots increased the active
urface area available for biofilm development in the filter beds.
oot release of oxygen may also have contributed, as dissolved
xygen concentrations were generally higher in the effluent from
lanted systems (0.8–3 mg L−1) than form unplanted systems.

This study for the first time documents that S. sesban can be used
n constructed wetland systems to treat high-strength wastewa-
er in tropical areas and that the species grows well and produces
large amount of high nitrogen containing biomass that can be

sed for e.g. animal fodder and soil amendment. The study also
ocuments that constructed wetland systems with saturated flow
ave a very high capacity to treat wastewater in tropical areas and
hat planted systems perform much better than unplanted systems.
dditional studies are, however, needed to assess the longer-term
erformance and sustainability of such systems before they can be
enerally applied on a large scale.

cknowledgements

The Danish International Development Agency (Danida) funded
his work through the Cantho University–Aarhus University Link in
nvironmental Science (CAULES) project.

eferences

PHA, 1998. Standard Methods for the Examination of Water and Wastewater.
American Public Health Association, Washington, DC.

rix, H., 1994. Functions of macrophytes in constructed wetlands. Water Sci. Tech-
nol. 29, 71–78.

rix, H., 1997. Do macrophytes play a role in constructed treatment wetlands? Water
Sci. Technol. 35, 11–17.

rix, H., Arias, C.A., 2005a. Danish guidelines for small-scale constructed wetland
systems for onsite treatment of domestic sewage. Water Sci. Technol. 51, 1–9.

rix, H., Arias, C.A., 2005b. The use of vertical flow constructed wetlands for on-
site treatment of domestic wastewater: new Danish guidelines. Ecol. Eng. 25,
491–500.

an, T.H., Brix, H., 2007. The influence of temperature, light, salinity and seed pre-
treatment on the germination of Sesbania sesban seeds. Afr. J. Biotechnol. 6,
2231–2235.

an, T.H., Brix, H., 2009. Growth responses of the perennial legume Sesbania ses-
ban to NH4 and NO3 nutrition and effects on root nodulation. Aquat. Bot. 91,
238–244.

vans, D.O., Macklin, B., Anderson, D.M., Brewbaker, J.L., Gutteridge, R.C., Narayan,
H., Osman, A.M., Rao, D.L.N., Steinmueller, N., Thomson, L., Topark-Ngarm, A.,
Yamoah, C., 1990. Perennial Sesbania Production and Use: A Manual of Practical
Information for Extension Agents and Development Workers. Nitrogen Fixing
Tree Association, University of Hawaii, Honolulu, USA.

unt, P.G., Poach, M.E., 2001. State of the art for animal wastewater treatment in
constructed wetlands. Water Sci. Technol. 44, 19–25.

ndieka, S.A., Odee, D.W., 2005. Nodulation and growth response of Sesbania ses-
ban (L.) Merr. to increasing nitrogen (ammonium) supply under glasshouse
conditions. Afr. J. Biotechnol. 4, 57–60.

adlec, R.H., Knight, R.L., 1996. Treatment Wetlands. Lewis Publishers, Boca Raton,
New York, London, Tokyo.

adlec, R.H., Knight, R.L., Vymazal, J., Brix, H., Cooper, P., Haberl, R., 2000. Constructed
Wetlands for Pollution Control. Processes, Performance, Design and Operation.
Scientific and Technical Report. International Water Association.

adlec, R.H., Wallace, S.D., 2009. Treatment Wetlands. CRC Press, Boca Raton, FL.
antawanichkul, S., Kladprasert, S., Brix, H., 2009. Treatment of high-strength

wastewater in tropical vertical flow constructed wetlands planted with Typha
angustifolia and Cyperus involucratus. Ecol. Eng. 35, 238–247.

ivaisi, A.K., 2001. The potential for constructed wetlands for wastewater treatment
and reuse in developing countries: a review. Ecol. Eng. 16, 545–560.

night, R.L., 1997. Wildlife habitat and public use benefits of treatment wetlands.
Water Sci. Technol. 35, 35–43.
night, R.L., Payne, J., Borer, R.E., Clarke, J., Pries, J.H., 2000. Constructed wetlands
for livestock wastewater management. Ecol. Eng. 15, 41–55.

onnerup, D., Koottatep, T., Brix, H., 2009. Treatment of domestic wastewater in
tropical, subsurface flow constructed wetlands planted with Canna and Helico-
nia. Ecol. Eng. 35, 248–257.



7 Engine

M

M

N

N

O

T

T

20 T.H. Dan et al. / Ecological

itsch, W.J., Gosselink, J.G., 2007. Wetlands. John Wiley & Sons Inc., Hoboken, New
Jersey.

yers, R.J.K., Palm, C.A., Cuevas, E., Gunatilleke, I.U.N., Brossard, M., 1994. The syn-
chronization of nutrient mineralization and plant nutrient demand. In: Woomer,
P.L., Swift, M.J. (Eds.), The Biological Management of Tropical Soil Fertility. John
Wiley & Sons, Chichester, UK, pp. 81–116.

han, D.K., Milstein, A., Verdegem, M.C.J., Verreth, J.A.V., 2006. Food inputs, water

quality and nutrient accumulation in integrated pond systems: a multivariate
approach. Aquaculture 261, 160–173.

han, D.K., Verdegem, M.C.J., Milstein, A., Verreth, J.A.V., 2008. Water and nutrient
budgets of ponds in integrated agriculture–aquaculture systems in the Mekong
Delta, Vietnam. Aquac. Res. 39, 1216–1228.

V

Y

ering 37 (2011) 711–720

ovel, M., Tooming, A., Mauring, T., Mander, U., 2007. Schoolhouse wastewater
purification in a LWA-filled hybrid constructed wetland in Estonia. Ecol. Eng.
29, 17–26.

anner, C.C., 2001. Plants as ecosystem engineers in subsurface-flow treatment
wetlands. Water Sci. Technol. 44, 9–17.

anner, C.C., Kadlec, R.H., Gibbs, M.M., Sukias, J.P.S., Nguyen, M.L., 2002. Nitro-
gen processing gradients in subsurface-flow treatment wetlands—influence of

wastewater characteristics. Ecol. Eng. 18, 499–520.

ymazal, J., Greenway, M., Tonderski, K., Brix, H., Mander, U., 2006. Constructed
wetlands for wastewater treatment. Wetlands Nat. Resour. Manage. 190, 69–96.

oung, A., 1997. Agroforestry for Soil Management. CAB International, Wallingford,
UK.


	Treatment of high-strength wastewater in tropical constructed wetlands planted with Sesbania sesban: Horizontal subsurface...
	Introduction
	Material and methods
	The vertical flow system (VF)
	The horizontal flow system (HF)
	Plant material
	The wastewater system
	Water and plant sampling
	Chemical analysis
	Removal rate constants
	Statistics

	Results
	Inlet water quality
	Effluent water quality
	Mass removals
	Removal rate constants
	Plant growth and nutrient uptake

	Discussion
	Acknowledgements
	References


