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ABSTRACT: The influent concentration has a great effect on nutrients removal efficiency in vertical subsurface flow
constructed wetland systems, but treatment performance response to different C: N: P ratios in the influent are unclear
at present. At the first growing seasons, the effects of the plants present or not, season, the different C: N: P ratio in
influent condition and their interaction on treatment performances were studied in the planted or the unplanted
wetlands in greenhouse condition. Each set of units was operated at hydraulic loading rates of 40 L/d. Low, medium and
high-strength (100, 200, 400 mg/L of chemical oxygen demand or 20, 40, 80 mg/L total nitrogen) synthetic sewage were
applied as influent. According to the first growing season results, the average removal efficiencies for the unplanted and
the planted wetlands were as follows: chemical oxygen demand (44-58 % and 55-61 % respectively), total nitrogen (26-
49% and 31-54 %) and total phosphorus (36-64 % and 70-83 %). The both wetlands system was operated as an
efficient treatment system of highest average removal rates of both chemical oxygen demand and total phosphorus when
medium-strength synthetic sewage were applied. When high strength synthetic sewage was applied, the planted
wetlands usually had a higher nutrients removal rates than the unplanted over the study period. The plants grew well
under any high loading treatment over the study period. Anyhow, it also proved that the wetland systems have a good
capacity to treat different strength wastewater in greenhouse condition.
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INTRODUCTION
Vertical subsurface flow constructed wetlands

(VSCWs), which are of low cost, easily operated and
maintained, can be potentially applied in developing
countries with serious water pollution problems (Seo
et al., 2005; Baptista et al., 2008; Li et al., 2008). They
are emerging as a very useful technology for the
treatment of a variety of wastewaters (Baptista et al.,
2003;  Juang and Chen, 2007; Okafor and Opuene, 2007;
Tsihrintzis et al., 2007; Harikumar et al, 2009; Igbinosa
and Okoh, 2009). An important part of the treatment in
constructed wetlands is attributable to the presence
and activity of plants and microorganisms (Nwuche
and Ugoji, 2008 and 2010). The plants growing in CWs
are the most obvious visual characteristic of the

systems. Many studies have demonstrated that the
plants contribute to water treatment through both direct
and indirect mechanisms (Edwards et al., 2006; Alam,
et al., 2007; Mahvi, 2008; Nameni et al., 2008; Nouri et
al., 2008). According to the related research, most marsh
plants can work best in VSCWs wastewater treatment
systems (Koottatep et al., 2001; Stottmeister et al., 2003;
Calheiros et al., 2009). This is because helophytes
possess specific characteristics of growth physiology
that guarantee their survival even under extreme
rhizosphere conditions. These systems can effectively
remove both organic material and total suspended
solids from wastewater, although nitrogen  and
phosphorus removal is known to be somewhat
problematic (Cooper, 1999; Brix et al., 2001; Lu and
Huang, 2010).
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). In pollution monitoring activities for water bodies,
COD, TN and TP are an important water quality
indicators and descriptors of effluent content (Coveney
et al., 2002; Li et al., 2008). Most wastewater treatment
programs are based on these indices as the main, often
the specific, calibration variables for waste loading
(Tang et al., 2009). The actual treatment performance
for the three parameters will mainly depend on a
variety of factors, including the VCWs system itself
and the polluted water and the specific way it is
applied to the bed (Prochaska et al., 2007). The system
related factors include mainly the substrate size, the
depth of bed, the used macrophyte species, the
maturity of bed, and the effect of climate (Merlin et
al., 2002). The application-related factors include
mainly the hydraulic loading rate and the residence
time, the influent concentration, the proportion of
various pollutants (Enriquez et al., 1993; Prochaska
and Zouboulis, 2009). Climate and other local
conditions influence wastewater characteristics, plant
growth and evaporation as well as the removal
processes in the constructed wetland, particularly the
microbial processes which are expected to be
stimulated by the high temperatures (Abdel-Ghani  and
Elchaghaby, 2007;  Abdel-Ghani et al., 2009;
Kantawanichkul et al., 2009; ). In particular, the
treatment performance of vertical subsurface flow
systems in response to seasonal variation, plant
presence, and influent C: N: P ratio is still rather
incomplete. If wastewater is to be treated as efficiently
as possible,  a ful l under standing about  the
relationship between the treatment performance of
vertical subsurface flow systems and the change of
wastewater components in the planted and unplanted
wetlands at different season is necessary. The key to
efficient biological wastewater treatment relies on
knowledge of the plant development involved and
how they respond to different pollutant loading
conditions. Maybe, the different strength wastewater
in the influent could cause different efficiencies of
nutrients removal rates. In order to address the
problem, experiments were conducted on treating
simulated wastewater with different C: N: P ratios in
VCWs system.In this study,  COD, TN concentrations,
and their weighted ratios in synthetic domestic
wastewater were adjusted, while maintaining constant
TP concentrations. The purpose of this study were
to investigate the ability of vertical flow constructed
wetland systems to treat different strength (COD or

TN ) wastewater, and to evaluate the performance of
systems planted with Acorus calamus (hereafter
referred to as Acorus ) and the unplanted systems. In
addi tion, the effect  of season on  tr eatment
performances in the planted and the unplanted was
studied in order  to determine how treatment
performance responded to seasonal variation, and
thus to explain and predict the performance of an
operating wetlands system at different periods.The
experiments were set up in the greenhouse of Nanjing
University, China (32º10´370N, 118º41´570E). The
operation and monitoring of the wetlands were
conducted between May, 2008, and January, 2009.

MATERIAL AND METHODS
Description of the treatment wetland

The pilot-scale wetlands were two types of
vertical subsurface-flow constructed wetlands
(VSCWs), one planted with the rhizomatous herb
Acorus, and the other unplanted. The wetland frame,
1.00 m (length) × 0.60 m (width) × 0.80 m (height)
were made of reinforced cement, and were filled with
gravel (nominal mean diameter of 1.20 cm) up to a
depth of 0.20 m in the lower layer and with slag
(nominal mean diameter of 1.50 cm) up to a depth of
0.25 m in the upper layer (Fig. 1). Two types of
experimental wetlands were run in parallel under
identical conditions for 270 days.

The temperature in both VSCWs ranged between
6.4 oC and 40.8 oC, and averaged 17.9 oC. At April 5,
2008 a half of the wetlands were planted with Acorus
(16.37 ± 1.59 cm tall), using 8–10 stems per wetland.
After planting, they were kept flooded for one month
with tap water, and then the influent water was
administered to the wetlands. When operational the
hydraulic loading rate of simulated sewage was 40L/
d applied as a single batch through a round PVC
pipe of 5 cm internal diameter. The pipe, perforated
with holes of 1.5 mm, was placed on one side of the
wetland surface. The wetland substrates held 60 L
of water; batch volumes of 40 L were applied
fortnightly to each wetland with a constant flow rate
of 15 L/min achieving an overall hydraulic retention
time (HRT) of 1.5 days. The batch volumes of 200 L
were applied weekly to each wetland by gravity
action for 5 days each time, and the other two days
is a dormant period. All treatments, including the
control, were triplicated and a total of 36 wetlands
were used for  the study.For health and safety
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reasons, as well as for comparison of the parallel
experiments, the wetlands were fed with synthetic
wastewater, simulating low, medium and high (COD
or TN level) and medium strength (TP) domestic
sewage. Design methods of the variation of C, N
and P ration was fixed nitrogen, phosphorus levels
(medium strength) and various proportions of carbon
dosing quantity. The syn thet ic sewage was a
modification of OECD standard sewage (OECD, 1996)
and it was prepared prior to each (batch) feeding by
mixing (in tap water) the following different
components: 100, 200, 400 g /m3 glucose, 15 g /m3

NaH2PO4, 1.5 g /m3 KH2PO4, 4 g /m3 CaCl2, 2 g /m3

MgSO4. The other treating method was fixed carbon,
phosphorus levels (medium strength) and various
proportions of nitrogen dosing quantity. The
following different components: 200 g /m3 glucose,
40, 80, 160 g /m3 carbamide, 15 g /m3 NaH2PO4, 1.5 g /
m3 KH2PO4, 4 g /m3 CaCl2, 2 g /m3MgSO4. The
experimental influent conditions applied to the
unplanted are same as the planted wetlands (Table
1and 2).

Measurement of water quality parameters
From May, 2008 to January, 2009, in operation

stage, influent and effluent water of the pilot-scale
VSCWs were sampled by opaque plastic bottle (100
ml) from inlet and outlet (Fig. 1) approximately every

week under normal conditions to monitor water
quality. Mean values of three sampling sites in each
wetland were used to eliminate the space difference.
Water samples were analyzed for COD, TN and TP.
COD was determined by the titrimetric method. Water
TN were measured using liquor TOC a! (Munich,
Germany; detection limit: 0.00001 mg /L), while TP
were performed using a segmented flow analysis
(Automated Chemistry Analyzer, Brighton, U.K;
detection limit: 0.001 mg /L). In this study, all the
parameters mentioned above were determined
according to the method as described in the
standard method for Examination of Water and
Wastewater.

Statistical analyses
Treatment efficiencies were calculated as the

percent removal (R) for each parameter, calculated
by R = (1Ce /Ci) × 100, where Ci and Ce were the
influent and effluent concentrations in mg/ L,
respectively. Mean effluent values for every batch
sampling over each month were used to calculate
removal rates for each parameter.All statistical
analyses were performed using SPSS software
(SPSS, 2003), One-way ANOVA was used to test the
differences in related parameters of the two wetlands
under different influent conditions. Two-way
ANOVA was used to test differences in the effects of

Fig. 1: Diagram of the pilot-scale wetlands used in this study
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carbon or nitrogen treatments, plant patterns, season
and their cross-reaction on treatment performance.
Duncan’s multiple range test was used to further
assess differences among treatment combinations that
were significant in ANOVA.

RESULTS AND DISCUSSION
Water quality and removal performance

Values of COD, TN and TP differed significantly
between the two VSCWs for  C or N addition
treatments. For C treatments, only differences in
removal efficiencies of TP for the same treatments
was significant (P<0.05) between the unplanted and
the planted wetlands (Table 1). Other parameters in
the effluent were not significantly different between
the two VSCWs for the same C treatments (P>0.05)
(Table 1). Multiple comparisons detected significantly
higher TP removal rates in all C treatments in the
planted wetlands than those in the planted wetlands
over the study period.For N treatments, table 2 shows
there were no significant differences in COD removal
rates among N treatments in the two wetlands
(P>0.05). Moreover, the CN1P treatment had a lower
TN removal rate than the CN2P and CN4P treatments
in the two planted, and a significant difference
(P<0.05) occurred between the CN1P and the CN4P
treatments during the wetlands operational period.
No significant differences were observed in removal
rates of TP among different N treatments in the
planted wetlands (P>0.05), the CN2P treatments
showed higher TP removal rates than CN1P and CN4P
treatments. In the unplanted wetlands, a significant
treatment effect was observed in the removal rate of
TP among different N addition treatments (P< 0.05).
Differences in removal rates of TP were found
between the unplanted and planted wetlands in all
the same N treatments (P< 0.05). [Table 1, Table 2
inserted here]The organic pollutant load, measured
as COD, of the wastewater treated in the present
study, is relatively high. The two wetlands removed
efficiently the contained COD during the whole
experimental period. In the two VSCWs, the COD
removal rates varied between 55 and 61 % for the
planted system and 44 and 58 % for unplanted. The
concentration-based removal efficiency of 44 – 61 %
for COD in this study was higher than 44 – 47 %
which was reported by Korkusuz et al. (2005) for
slag wetland systems. The both wetlands system
was operated as an efficient treatment system of

highest average removal rates of COD when medium-
strength (200 mg/L of COD and 40 mg/L TN) synthetic
sewage were applied. Thus, appropriate control of
the carbon or nitrogen source concentrations could
achieve optimal COD removal. In this study, plants
seemed to have little influence on COD removal rates,
the planted wetlands did not show a higher removal
than unplanted beds under any C: N: P ratio influent
condition. Other studies comparing planted and
unplanted beds have also shown no or only little
difference in removals of COD between the beds. At
high COD loading (C/N=10:1), the poor removal of
TN in the two wetlands was probably caused by the
h igh  COD concen tr at ions that  may inh ibi t
microbiological processes. Also, aerobic conditions
that support the nitrification are not suitable for
denitrification (Prochaska and Zouboulis, 2009).
Likewise, at low TN loading (C/N=10:1), the TN
removal rates (inflow TN concentration 20Mg/L) was
unsatisfactory (30 % in the panted and 25 % in the
unplanted). Phosphorus removal by constructed
wetlands is a key strategy in diffuse pollution control
(Tang et al., 2006). During the whole study period,
the two VSCWs were more effective for TP removal.
The average results in both wetlands (Table 1 and
Table 2) were higher in comparison to the typical
removal of 20–30 % reported in many VSCWs
(Luederitz et al., 2001; Brix and Arias, 2005). These
results were more similar to the removal rate of 45 %
found by Korkusuz et.al (2005) who used slag as
substrate material a mixture of river sand and
dolomitic limestone. This results confirm the good
capacity of the selected substrate for phosphorous
removal (Zurita et al., 2006), and they could be
probably improved by reducing the substrate size,
and then promoting phosphorous removal by chemical
adsorption (Prochaska et al., 2007). Akratos and
Tsihrintzis (2007) found that planted wetlands had 40
% higher removals of TP than unplanted wetlands.
Thus, plants can contribute to P removal, but the
quantitative significance of that removal is variable
and depends on influent quality, plant species,
season, and other factors (Konnerup et al., 2009). The
amount of P removed by plant uptake was not
quantified, but it was assumed that a large part of it
was removed by the bed substrate. In this study the
performance, in terms of contaminant removal with
special focus on influent C: N: P ratio, and plant
development, of two series of VSCWs planted with
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Acorus and the unplanted was evaluated. Acorus was
the plant that established most successfully in the
VSCWs, since it showed a good resistance to the
alterations in the loadings applied to the systems.

Time course of removal of pollutant
Nutrient removal rates fluctuated in each unit

during the wetlands operational period. With the
exception of winter (November-January), the planted
wetlands for the two types of addition treatments
showed a similarly higher trend in COD removal than
the unplanted wetlands (Fig. 2).

In respect to C treatments, the C2NP treatments
showed higher COD removal rates than C1NP and C4NP
treatments from August to November in the planted
wetlands, whereas in the unplanted wetlands, the C2NP
treatments usually had higher COD removal rates from
November to January (Fig. 2a). Thus COD removal rates
were significantly affected by season and the combined
effect of plant presence and season (Table 3) (P<0.01).
For N treatments, the CN2P treatments usually also had
higher COD removal rates with different TN level

treatments (Fig. 2b), and season had a significant effect
on COD removal (Table 4) (P<0.01). According to the
data presented in Fig. 2 demonstrated higher COD removal
rates from May to July (43-94 %), possibly due to higher
summer temperatures, which favor the decomposition of
organic compounds as suggested by Kayser and Kunst
(2005).The results of analysis indicated that the influent
C: N: P ratio has no significant role in differential removal
of organic matter. TN removal rates fluctuated in both
wetlands under all influent conditions, especially for
planted wetlands from September to November under all
C: N: P ratio in the influent. For C treatments, higher TN
removal effects appeared in July and August in the planted
wetlands. However, in October, the elimination of TN
remained relatively the lowest in the planted system. The
C1NP treatments also usually had higher TN removal rates
among different C treatments (Fig. 3a), while under N
treatments the CN2P treatments had higher TN removal
rates especially in autumn (Fig. 3b). In the unplanted
wetlands, the C2NP or CN2P treatments usually had higher
TN removal rates among different COD or TN level
treatments from August to November. In spite of the TN

Table 1: Mean concentrations ± SD in the influent and pollutant removal efficiencies for chemical oxygen demand (COD), total
nitrogen (TN) and total phosphorus (TP) in the effluent waters of the two VSCWs under C treatments. Values with different
superscript letters in the same column indicate a significant difference at P<0.05 according to Duncan’s multiple range test

Table 2: Mean concentrations ± SD in the influent and pollutant removal efficiencies for chemical oxygen demand (COD), total
nitrogen (TN) and total phosphorus (TP) in the effluent waters of the two VSCWs under N treatments. Values with different
superscript letters in the same column indicate a significant difference at P<0.05 according to Duncan’s multiple range test

 

Influent                             Effluent Wetland types C   
treatments COD 

( Mg/L)  
TN 

( Mg/L ) 
TP 

(Mg/L ) 
COD 

Removal (%) 
TN 

Removal (%) 
TP 

Removal (%) 
       
C1NP  102.32±0.95  40.14±1.24  5.02±0.13 56.14a±22.15 52.47a±15.68 78.69a±12.61 
C2NP  204.88±3.32 42.52±1.37 5.17±0.48 59.43a±17.99 48.68a±15.97 83.18a±8.39    The planted wetland 

C4NP 404.33±4.79 41.26±1.73 5.24±0.53 61.23a±23.58 46.27a±13.66 69.98ab±14.25 
       
C1NP  101.07±1.74  40.35±1.16 5.16±0.38 52.30a±19.19 40.21a±20.43 61.28c±11.10 
C2NP  203.21±2.84 41.37±1.53 5.04±0.36 57.67a±12.22 43.80a±19.59 63.69bc±10.29 The unplanted wetland 

C4NP 406.37±5.42 41.84±1.87 5.21±0.43 54.39a±17.38 43.74a±16.25 59.73c±13.26 

 

Influent                             Effluent Wetland types N   
treatments COD 

( Mg/L)  
TN 

( Mg/L) 
TP 

( Mg/L) 
COD 

Removal (%) 
TN 

Removal (%) 
TP 

Removal (%) 
       
CN1P 203.56±2.62 22.06±1.44  5.13±0.21 56.52a±21.14 30.65bc±11.19 77.08a±9.06 
CN2P 204.57±3.86 40.58±1.71 5.05±0.18 59.43a±17.99 49.68ab±15.97 83.18a±8.39    The planted wetland 

CN4P 202.64±3.27 81.06±2.53 5.02±0.11 55.27a±20.88 54.08a±9.36 69.63a±14.21 
       

CN1P 202.17±3.05  20.84±0.57 5.08±0.14 46.11a±15.71 25.86c±13.38 35.52d±13.35 
CN2P 200.21±4.05 41.42±1.12 5.27±0.31 52.76a±12.85 44.80a±19.59 57.78b±8.15 The unplanted wetland 

CN4P 203.38±4.26 82.05±2.42 5.17±0.26 44.22a±28.47 47.42a±17.84 49.89c±12.51 
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Table 3: P-values of factors and the combined effects of factors for each parameter under carbon variation treatment based on
the analysis of variance. Plant pattern: planted or unplanted; season: from May to January; * P<0.05, ** P< 0.01

Factors    COD  
removal (%) 

TN 
removal (%) 

TP 
removal (%) 

Plant pattern 0.082 0.073 0.001** 
Carbon variation 0.526 0.082 0.437 
Season  < 0.0001** 0.001** < 0.0001** 
Plant pattern×carbon variation 0.254 0.076 0.372 
Plant pattern×season  0.001** 0.041* 0.035* 
Carbon variation×season 0.476 0.684 0.592 
 

Fig. 2: Temporal course of removal rates of COD in the planted (solid line) and unplanted
(dotted line) wetlands during the wetlands operational period. a: C treatment; b: N
treatment
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Table 4: The P-values of factors and the combined effects of factors for each parameter under nitrogen variation treatment based on
the analysis of variance. Plant pattern: planted or unplanted; season: from May to January; asterisks: *P<0.05, **P < 0.01

 

Factor COD 
removal (%) 

TN 
removal (%) 

TP 
removal (%) 

Plant pattern 0.096 0.115 < 0.0001** 
Nitrogen variation 0.315 0.001** < 0.0001** 
Season  < 0.0001** < 0.0001** 0.001** 
Plant pattern×nitrogen variation 0.287 0.152 0.253 
Plant pattern×season  0.079 0.423 0.375 
Nitrogen variation×season 0.465 0.521 0.716 

Fig. 3: Temporal course of removal rates of total nitrogen in the planted (solid line) and
unplanted (dotted line) wetlands during the wetlands operational period. a: C
treatment; b: N treatment
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removal-process fluctuations of the two wetlands over
the study period, it was found that the planted wetlands
were more effective than the unplanted especially in
summer, this possibly attributable higher plant uptake.
Furthermore, the TN removal effect index was
significantly affected by season and plant × season
interaction under C treatments and by nitrogen
variation and season in the nitrogen addition
treatments (P<0.01) (Tables 3 and 4). The removal rate
of TP was higher in the planted wetlands than in the
unplanted with both C and N treatments (Fig. 4).
Higher TP removal effects occurred in autumn in both
wetlands. However, the removal rates of TP were
relatively lower in winter (November -January). All
the two VSCWs showed efficient TP removal during

Fig. 4: Temporal course of removal rates of total phosphorus in the planted (solid
line) and unplanted (dotted line) wetlands during the wetlands operational
period. a: C treatment; b: N treatment

the start-up period of this study (Fig. 4). This implies
that gravel/slag adsorption determined initial efficient
phosphorus removal (Lin et al., 2002). The ability of
adsorption may decrease with time especially from
October to January when sorption sites on the gravel/
soil become saturated. Moreover, the C2NP or CN2P
treatments usually had higher TP removal rates among
different C or N treatments. Table 3 shows that
season, plant pattern and plant × season interaction
had significant effect on removal rates of TP under C
treatments (P<0.05). On the other hand, the P-values
for the TP parameter, presented in Table 4, showed
that nitrogen variation, season and plant pattern had
a significant effect on removal rates of TP under N
treatments (P<0.01).
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CONCLUSION
Two series of vertical subsurface flow constructed

wetlands, operating under different C: N: P ratio in
the influent, were evaluated in terms of performance,
establishment and adequacy to be applied to
simulated wastewater  tr ea tment . The main
conclusions of this investigation are summarized as
follows.  VSCWs can be subjected to higher COD
and TN loadings than those suggested in the
literature, allowing for health and safety reasons of
plants and microorganism, which is advantageous for
domestic wastewater treatment applications.

As expected, the pollutant removal rate in the
VSCWs depended on the plants present, plant
development, and C: N: P ratio in the influent. With
exception of COD, the removal of nitrogen and
phosphorus were higher in the planted wetlands.
Nutrient removal rates fluctuated in each wetland
during the wetlands operational period. The growth
season of plants had a significant effect on COD, TN
and TP removal. Therefore, plant development
appeared to have a significant benefit in the treatment
process in the vertical subsurface flow constructed
wetlands. The both wetlands system was operated
as an efficient treatment system of highest average
removal rates of both COD and TP when medium-
strength (200 mg/L of COD and 40 mg/L TN) synthetic
sewage were applied. Moreover, with exception of low-
strength of TN (20 mg/L TN) in the influent, both
wetlands exhibited good capabilities of total nitrogen
removal. Therefore, appropriate control of pollutant
loading in the influent could achieve optimal nutrient
removal.
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