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A B S T R AC T

River water was mostly polluted in northern China in the past decades and the major con-
taminants were organic matter and ammonia. In this study the performance of the pilot-scale 
and full-scale surface constructed wetlands for removing COD (chemical oxygen demand) and 
ammonium from polluted river water was evaluated. Results showed that the effl uent COD and 
NH4

+-N concentrations in the pilot scale wetland systems were 10.72∼19.34 mg l−1 and 0.18∼0.90 
mg l−1, respectively, which met Grade-III (COD 20 mg l−1, NH4

+-N 1 mg l−1) of national surface 
water standards in China. The maximal COD and NH4

+-N removal effi ciency was 96.18% and 
99.78%. COD and NH4

+-N removal in spring and summer were better than that in fall and win-
ter based on the k–C* model. Combined with research results of the two-year full-scale study, 
it indicated that the surface wetland system was a promising technology for treating polluted 
river water to meet the requirement of Grade-III water quality in northern China.

Keywords:  Constructed wetland; Polluted river treatment; COD; Ammonium; First-order removal;
Vegetation

1. Introduction

At present there are severe environmental problems 
especially water crisis including water shortages, water 
pollution and deterioration in China. The water crisis is 
becoming more serious because of low water use effi -
ciency and worsening man-made pollution or natural 
contamination [1]. Faced with above challenges, the 
Chinese government has adopted a series of policies to 
improve water resources management. South to North 
Water Transfer Project is designed to solve the water 

shortage problem in northern China by diverting water 
from the south of the country up to the dry north. The 
eastern route of the project is based on the existing river 
channel, lakes and the Jiang-Hang Grand Canal [1]. 
However, the water quality of these rivers and lakes can 
not reach the Grade-III (mainly COD 20 mg l−1, NH4

+-N 
1 mg l−1) national surface water standards in China, 
especially Nansi Lake in Shandong Province. The major 
contaminants of the Nansi Lake are ammonia nitrogen 
and COD from point source and non-point source along 
the main route. Thus the water pollution of Nansi Lake 
Basin has affected water quality and the viability of this 
project [2].
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In order to secure water quality to meet Grade-III 
standards, it is obvious that the cost-effective, natural 
and ecologically-friendly constructed wetland system 
should be an alternative for purifying polluted water 
and can be a supplement to the existing pollution control 
strategies [3–6]. Constructed wetland system is based on 
biological, chemical and physical removal of pollutants 
from wastewater, mainly including microbial degrada-
tion, plant uptake, sorption, sedimentation, fi ltration 
and precipitation. Constructed wetlands are generally 
divided into two categories, that is, free water surface 
(FWS) and subsurface fl ow (SSF) wetlands. The FWS 
wetland can simulate natural systems as the water fl ows 
over the bed surface and is fi ltered through a dense 
stand of aquatic plants. And SSF wetlands have better 
removal ability in organic matter and suspended solids 
than FWS wetlands [7,8].

There are currently thousands of constructed wet-
lands worldwide receiving and treating domestic and 
municipal sewage, storm water, agricultural and urban 
runoff wastewaters, which are mainly used for nutrient 
and organic matter removal [9–16]. Such artifi cial ecolog-
ical systems have also been found useful in improving 
the quality of river water [5,17]. However, its successful 
application in river water quality improvement remains 
a challenge in northern China.

The main objectives of this study are (1) to evaluate 
the performance of COD and ammonium removal from 
polluted river water by FWS constructed wetland sys-
tem in northern China; (2) to estimate parameters of the 
modifi ed fi rst-order k–C* model for COD and Ammo-
nium removal in constructed wetlands and to quantify 
the infl uence of temperature and plant species; (3) to 
evaluate effect of design factors, for example, hydrau-
lic retention time (HRT), on the effi ciency of constructed 
wetland system. Useful suggestion for the design of con-
structed wetlands will be brought forward.

2. Materials and methods

2.1. Pilot-scale study

2.1.1. Experimental setup and design

The experimental site was located in the Baihua Park 
in Jinan, Northern China (36°40′36″N, 117°03″42″E) with 
the sub-humid continental monsoon climate, character-
ized by annual precipitation of 670.7 mm and annual 
temperature of 14.3°C.

The pilot-scale surface fl ow wetland systems were 
designed and established under the transparent rain 
shelter on March 20, 2009. The 15 experimental wet-
land units were constituted by polyethylene tubs. The 
treatment units were 50 cm deep and 40 cm in diameter, 
with an outlet on the bottom, fi lled with washed river 

sand (particle size < 2 mm, mainly Si2O3, Al2O3, Fe2O3) 
as the substrate with a depth of 25 cm. A perforated pipe 
(30 mm in diameter) was placed in the center of the 
system. Water depth was kept 15 cm above the sand sur-
face. Each wetland tub contained 20 l water when fi lled 
up. Fig. 1(a) shows the profi le of the pilot-scale con-
structed wetland unit.

2.1.2. Composition of polluted river water

In order to minimize variability in the experiment, 
simulated polluted river water was used in the experi-
ment, which was based on a systematic analysis of 
the on-line data of water quality monitoring sections 
from the local environmental protection authorities. 
The major pollutants of the polluted river water were 
organic matter, ammonia nitrogen and total phospho-
rus, total nitrogen, so the simulated polluted river water 
was used and prepared from tap water, composed of 
sucrose, (NH4)2SO4, KH2PO4 and KNO3. The infl uent 
qualities of the pilot-scale wetland units were as fol-
lows: COD 65.70 ± 3.0 mg l−1, TN 18.84 ± 1.10 mg l−1, 
NH4

+-N 8.41 ± 0.41 mg l−1, TP 1.56 ± 0.12 mg l−1. All other 
micronutrients for the normal growth and development 
of the plant (mg l−1): 21 Ca, 10 Mg, 14 S, 0.8 P, 0.3 Fe, 0.03 
Zn, 0.01 Cu, 0.03 Mn, 0.03 B, 0.002 Mo were kept at the 
same level in all the treatments by adding CaCl2, MgSO4, 
Fe-EDTA, ZnSO4, CuSO4, H3BO3, H2MoO4, MnCl2 [18].

2.1.3. Macrophyte selection and culture

Four native macrophyte species (T. orientalis, P. aus-
tralis, S. validus and I. pseudacorus) were transplanted 
from Nansi Lake in Shandong Province. The trans-
planted plants were then put into a container fi lled with 
10% modifi ed Hoagland’s solution [19] to cultivate for 
use after their roots were washed with tap water to 
remove soil and dead plant tissue.

After one week’s cultivation, healthy plants of simi-
lar size (approximately 0.3–0.5 m in height) were trans-
planted into each unit (U1: T. orientalis, U2: P. australis, 
U3: S. validuswas, U4: I. pseudacorus, U5: control). The 
vegetation was planted by hand, and the plants were 
placed in the sand at a roughly equal depth. Each species 
consisted of three units, just three replicates. The plant-
ing density of P. australis was eight plants per unit, T. 
orientalis four plants per unit, S. validus 10 plants per unit 
and I. pseudacorus four plants per unit. Three unplanted 
units were used as control units.

Immediately after the transplantation, plants were 
watered every 2 d with simulated polluted river water 
to maintain the water level just up to the sand surface. 
The water level gradually increased until it was up to 
0.15 m. After acclimated for two-weeks, the experiments 
were started.
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2.1.4. Operation of the wetland systems

Sequencing fi ll-and-draw batch mode was applied. 
From April 2009 to October 2009, each unit had a HRT 
of 10 d; when temperature was low from November 
2009 to March 2010, HRT was 15 d or 30 d. The units 
were manually fi lled with the simulated polluted river 
water, and the water depth above the sand surface was 
15 cm with 20 l simulated water in the total volume. 
Each unit was manually drained through a valve on the 
bottom after a cycle. Units were re-fi lled with simulated 
water immediately after drainage. Evapotranspiration 
loss was also estimated and compensated with distilled 
water for each wetland unit during the experiment.

2.2. Full-scale study

The surface constructed wetland (Fig. 1(b)) was built 
on the southern side of the mouth of Xinxue River at the 
eastern shore of Nansi Lake, which is located in Weishan 
County, Shandong province, north China (34°44′30″N, 
117°08′32″E). Topographical information in this area was 
high in the north and low in the south, and gently topog-
raphy, with an average attitude of 35 m. The constructed 

wetland was divided into platform fi elds and shallow 
water zones according to differences in elevations. The 
constructed wetland (3700 m × 270 m, approximately 
1.33 km2) consisted of a natural soil layer and had 50 cm
depth of water above the substrate. The constructed 
wetland was planted with the dominant native wetland 
plants such as T. orientalis, P. australis, S. validus and 
Z. latifolia. Hydraulic loading rate applied was about 
1.6 cm d−1, and the theoretical HRT was about 16 d. The 
wetland has been operating since the year 2008. The 
infl ow of the constructed wetland was Xinxue River 
water which originated from Shanting mountain areas, 
fl owed about 84 km and mainly consisted of treated 
water from the urban sewage. The effl uent was dis-
charged into Nansi Lake directly.

2.3. Sampling and chemical analyses

In pilot-scale study, water samples were collected 
using a syringe tube at 10 cm depth below the water 
surface of each unit every 2 d (corresponding to nomi-
nal HRTs of 10, 8, 6, 4 and 2 d, respectively) in 10-d 
operating period from April 2009 to October 2009, and 

Fig. 1. Profi le of the pilot-scale constructed wetland unit (a) and location of full-scale constructed wetland (b).
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when the HRT was 15 or 30 d from November 2009 to 
March 2010, the time intervals for sampling was 3 d. In 
full-scale study, the infl uent and effl uent were collected 
using a sampling bottle every 2 mo from 2008 to 2010.

Laboratory analyses were performed on the water 
samples for COD, ammonium (NH4

+-N), total nitrogen 
(TN), nitrate (NO3-N) and nitrite (NO2-N). Water tem-
perature, pH, and dissolved oxygen (DO) above/below 
the surface of the substrate were measured by a DO 
Meter (HQ30d 53LEDTM, HACH, USA) in situ. All the 
parameters mentioned above were determined, based 
on standard methods [20].

2.4. First-order modeling

It is generally recognized that the removal of pollut-
ants in constructed wetlands can mostly be described 
using fi rst-order plug-fl ow kinetic model [8,23]. This 
model is given as follows:

( *)
( o *)

= exp( )
Co  

where, C is the COD (or NH4
+-N) concentration (mg l−1), 

C0 is the infl uent COD (or NH4
+-N) concentration (mg 

l−1), C* is the background COD (or NH4
+-N) concentra-

tion (mg l−1), T is the retention time (d) and Kv is the the 
fi rst-order volumetric rate constant (d−1).

The model was employed in this study to evaluate 
the behavior of COD (or NH4

+-N) reduction in con-
structed wetlands. Background concentrations used in 
the model were 10.0 mg l−1 for COD and 0 mg l−1 for 
NH4

+-N which are typical for CWs [21].

2.5. Statistics

All statistical analyses were performed through the 
statistical program SPSS 11.0 (SPSS Inc., Chicago, USA), 
including analysis of variance(ANOVA), Bartlett’s and 
Levine’s test for homogeneity of variance and normal-
ity, and Duncan’s multiple range test for differences 
between means. In all tests, differences were considered 
statistically signifi cant when P < 0.05.

3. Results and discussion

3.1. Temperature, evapotranspiration, DO and pH

In the pilot-scale study, air temperature from April 
2009 to March 2010 (Fig. 2) ranged from −7.0°C in January 
to 31.0°C in July; water temperature during the experi-
mental period was similar in different wetland units 
(P > 0.05), ranging from 0.5°C in December to 28.1°C 
in July. The water was frozen in January and February. 
It was observed that evapotranspiration from wetland 
units was approximately 7 mm d−1 in summer, and evap-
oration values for planted units were higher than those 

in unplanted units. As shown in Table 1, DO in planted 
wetland units, generally ranging between 5.62 and 6.12 
mg l−1, was higher than that in the unplanted units. This 
was benefi cial to the aerobic biodegradation around 
the root zone area. Higher DO in U1 and U4 might be 
due to their higher capacity of oxygen release owing to 
oxygen transportation mechanism of plant vascular sys-
tems. Higher DO was also observed above the surface 
of the substrate compared to the results obtained below 
the surface of the substrate, which indicated that natural 
reaeration at the water surface caused the signifi cant DO 
variations above and below the surface of the substrate. 
Some differences were detected in pH among the units 
(P < 0.05), ranging from 7.75 to 7.88.

All of the plants in wetland units grew well with-
out obvious symptoms of toxicity or nutrient defi ciency 
during the whole experimental period, and they all 
reached their maximum height in summer due to the 
proper temperature and humidity. Particularly, I. pseuda-
corus produced a vegetation cover with fl owers that had 
a nice appearance.

Fig. 2. Variations of air and water temperature in the pilot-
scale study from April 2009 to March 2010.

Table 1
Average DO and pH in the wetland microcosm units during 
the experiment

Treatment unit Parameter

 DO1 (mg l−1) DO2 (mg l−1) pH

U1 5.74 ± 1.18 2.90 ± 1.91 7.82 ± 0.21

U2 5.44 ± 0.75 4.13 ± 2.16 7.86 ± 0.26

U3 5.54 ± 1.22 2.42 ± 1.31 7.75 ± 0.25

U4 5.88 ± 0.56 4.44 ± 2.05 7.75 ± 0.30

U5 5.91 ± 1.01 4.51 ± 1.91 7.88 ± 0.30
DO1: dissolved oxygen above the surface of the substrate; 
DO2: dissolved oxygen below the surface of the substrate.
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 3.2. Removal performance in each unit

3.2.1. Removal of COD

The COD removal effi ciency in the pilot-scale wetland 
units from April 2009 to March 2010 is shown in Fig. 3(a). 
No signifi cant difference were observed among for COD 
removal rates of different wetland units (P < 0.05) and the 
average COD removal effi ciency was high (above 70.0%) 
during the study period. As shown in Fig. 3(a), the COD 
removal effi ciency was in the range of 68.87 ∼ 79.07%, 
relatively lower at the beginning (i.e., April 2009). It may 
be because the plants in newly-built wetlands were not 
fl ourishing and microbial population benefi cial to bio-
degradation of pollutants around the root zone area was 
not well developed in the start-up period. From May to 
October 2009, COD removals for the wetland units were 
higher than and also more stable, with the maximum 
of removal (96.18%) occurring in May 2009. The results 
indicated that the increasing temperature and suitable 
humidity as well as luxuriant plants, to a certain extent, 
benefi t the improvement of effl uent quality in summer. 
Furthermore, the presence of plants provided a more 

effective distribution of the roots and a more propitious 
habitat which encouraged the development of a great 
diversity of microbial communities. In November 2009, 
COD removal effi ciency in the wetland units decreased 
to some extent due to lower temperature and withered 
plants, although the HRT was increased to 15 d. Specifi -
cally, COD removal effi ciency in the wetland units with 
plants was observed to range from 58.7% to 74.85%, 
while COD removal in unplanted unit was signifi cantly 
reduced to 30.08%. In December when the HRT was 30 d, 
COD removal in wetlands units was higher than in 
November. In addition, planted units were signifi cantly 
better than unplanted unit. Because of temperatures 
dropped below zero, the experiment was stopped in 
winter (January 2009 and February 2010) due to freezing 
weather. Two months later, the lower effi ciency of COD 
removal was observed in March when HRT was 15 d, 
and COD removal in unplanted unit (66.85%) was sig-
nifi cantly better than planted units (25.93 ∼ 43.08%). This 
was most probably due to that residual dead leaves and 
withered plants in planted units decayed and released 
some organic matter as the weather warmed up in March 
2010. The average COD removal in wetlands of spring, 
summer, fall, and winter were 83.2%, 92.39%, 60.0% 
and 69.0%, respectively. The air temperatures varied 
from season to season, ranging from 0.5°C (in winter) to 
28.10°C (in summer). The results indicated that the COD 
removal decreased with the decrease of the air tempera-
ture and the low COD removal in fall and winter may be 
due to low temperature.

The COD removal effi ciency is similar to the results 
(77.1%) obtained by Zurita et al. [22] and (79%) by 
Ansola et al. [11], and higher than the results (37 ∼ 69%) 
achieved by Chen et al. [23]. However the COD removal 
effi ciency obtained is slightly lower than that (93.6%) 
achieved by Radoux et al. [24]. It may be attributed to 
a variety of factors including type and size of substrate, 
size of system, HRT, infl uent concentration, and climate.

3.2.2. Removal of NH4
+-N

The NH4
+-N removal effi ciency in the pilot-scale 

wetland units during the study period is shown in 
Fig. 3(b). Like COD removal, a similar variation trend 
for NH4

+-N removal was seen in Fig. 3(b), but there were 
some differences at the beginning and the end of the 
experiment. A possible reason for this is that ammonia 
may be mainly adsorbed from solution through a cat-
ion exchange reaction with the substrate in the start-up 
period. Furthermore, the plants were animated in March 
2010, so NH4

+-N removal was still high because of nitro-
gen assimilation of growing plants. It is well accepted 
that nitrifi cation occurs when oxygen is present in a 
concentration (DO > 2 mg l−1 in this study) high enough 
to support the growth of strictly aerobic nitrifying 

Fig. 3. (a) COD and (b) NH4
+-N removal effi ciency of the 

pilot-scale wetland units from April 2009 to March 2010.
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bacteria, which will effectively improve ammonia nitro-
gen removal from wastewater in constructed wetlands. 
Particularly, the average NH4

+-N removal effi ciency in 
planted and unplanted units was high (about 90.0%) 
during the study period except November and Decem-
ber 2009 when NH4

+-N removal decreased sharply 
due to low temperature and dead plants, and NH4

+-N 
removal effi ciency in planted units was relatively higher 
than in unplanted unit (P < 0.05).

As shown in Fig. 3(b), from April to October 2009, 
the NH4

+-N removal effi ciency was in the range of 
71.49∼99.78% with the maximum of removal occurring 
in September 2009. A possible explanation was that the 
temperature in wetlands in summer met required tem-
peratures of plants and microorganism, and vegetating 
plants also improved NH4

+-N removal in wetlands by 
plant uptake, added surfaces for microbial colonization 
and released plant exudates and oxygen for microbial 
activity. Although HRT was raised to 15 d in Novem-
ber 2009, NH4

+-N removal became ineffi cient in all units 
(the minimum 55.73%). In November 2009, likewise, 
HRT was even increased to 30 d but NH4

+-N removal 
effi ciency ranged from 31.65% to 91.85%. The results 
indicated in one aspect that suitable temperature and 
growing wetland plants were benefi cial for improving 
the NH4

+-N effl uent quality because of the increasing 
microbial nitrifi cation–denitrifi cation activities in the 
systems. When the weather warmed up in March 2010, 
NH4

+-N removal effi ciency in all units was observed 
ranging between 83.22 and 95.97%. The removal effi -
ciency of NH4

+-N recorded in this study is similar to the 
result 95% [25] but higher than other studies, such as, 
North America, 24.6% [21]; Mexico, 48.6% [22] and Tai-
wan, 34∼75% [23]. This may be caused by the difference 
of HRT and HLR as well as the climate.

3.3. Effect of vegetation and HRT on removal of COD 
and NH4

+-N

The removal effi ciencies of COD and NH4
+-N from 

the wetland units with different HRT (2, 4, 6, 8 and 10 d) 
during the period of April to October 2009 were exam-
ined and compared to evaluate the effectiveness of HRT 
on COD and NH4

+-N removal (Table 2). As shown in 
Table 2, the COD and NH4

+-N removal effi ciencies in the 
wetland units with a 2-d HRT were 62.12∼64.00% and 
29.11∼40.71%, respectively. When HRT was raised to 4 
d the removal effi ciency was observed to achieve a sig-
nifi cant increase, with the removal of 79.40∼83.92% for 
COD and 45.36∼66.69% for NH4

+-N. However, the HRT 
had no correlation with COD removal effi ciency when 
the HRT ranged from 4 to 10 d. The possible reason may 
be that the amount of COD is limited in water because 
the mass loading of COD in this study was not high. In 
contrast, when HRT ranged from 4 to 10 d, the removal 
effi ciency of NH4

+-N increased continuously with ris-
ing HRT. Especially, it was observed that when HRT 
ranged from 4 to 10 d the removal effi ciencies of COD 
and NH4

+-N ranged from 79.40∼83.92% (HRT = 4 d) to 
75.24∼82.24% (HRT = 10 d) and from 45.36∼66.69% to 
88.78∼94.87%, respectively. As a whole, the HRT had a 
slight effect on the removal of COD from the wetland 
units but HRT played a signifi cant role in the removal 
of NH4

+-N. The results in this study were in agreement 
with those obtained by Akratos and Tsihrintzis [26] and 
Chen et al. [23].

From Table 2 it can be seen that the removal effi -
ciency of COD was generally no signifi cant interac-
tion between wetland units (including the unplanted 
units). In contrast, NH4

+-N removal in planted units 
were better that unplanted unit. This was consistent 
with the results obtained by He and Mankin [27] as 

Table 2
Average COD and NH4

+-N removal effi ciencies from the wetland microcosm units with different HRT during the experiment 
from April 2009 to October 2009

Parameter HRT Removal effi ciency in treatment unit (%)

 (d) U1 U2 U3 U4 U5

COD 2 63.09 ± 16.19 62.12 ± 18.84 62.35 ± 15.55 62.76 ± 13.92 64.00 ± 13.97

4 79.40 ± 7.10 82.84 ± 8.12 81.62 ± 7.64 83.92 ± 5.93 80.83 ± 7.14

6 78.16 ± 6.85 78.94 ± 13.98 78.60 ± 7.33 78.92 ± 8.93 78.30 ± 6.34

8 81.64 ± 9.00 83.13 ± 7.98 81.29 ± 7.88 85.41 ± 5.11 75.60 ± 13.43

10 77.40 ± 8.06 80.72 ± 5.91 75.24 ± 10.65 82.84 ± 5.75 77.56 ± 10.06

NH4
+-N 2 31.81 ± 12.32 29.11 ± 13.41 39.09 ± 14.60 40.71 ± 18.16 32.39 ± 11.23

4 52.59 ± 18.04 54.10 ± 18.85 66.69 ± 17.86 60.90 ± 12.04 45.36 ± 9.32

6 76.83 ± 13.51 77.65 ± 15.55 84.58 ± 14.86 85.79 ± 10.21 67.88 ± 12.80

8 88.56 ± 9.19 87.93 ± 8.95 90.59 ± 5.71 92.17 ± 4.02 85.19 ± 10.49

 10 92.08 ± 5.64 94.87 ± 2.27 92.51 ± 3.39 93.95 ± 5.29 88.78 ± 7.79
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 well as Akratos and Tsihrintzis [26]. The explana-
tion of the above phenomenon may be that the main 
mechanism responsible for COD removal was the 
aerobic and anaerobic microbial process [28,29]. How-
ever, for NH4

+-N removal there could be some more 
important mechanisms, such as microbial nitrifi cation, 
plant uptake, sedimentation and ammonia volatiliza-
tion [30,31]. Assimilation into biomass and sediment 
and removal through microorganism nitrifi cation and 
denitrifi cation were main nitrogen removal and trans-
formation mechanisms. In this study plants in the units 
grew well. Plants can not only assimilate nitrogen 
directly, but also increase the environmental diversity 
in the rhizosphere and enhance a variety of chemical 
and microbial processes for nitrogen removal.

3.4. First-order removal kinetics

A summary of the computed fi rst-order removal 
rate constants (k) for COD removal in the pilot-scale 
constructed wetlands based on the k–C* model of each 
season is presented in Table 3. As shown, the calculated 
k values for COD in planted wetland units were slightly 
higher than that in the unplanted units. Specifi cally, the 

calculated k values for COD in planted and unplanted 
units were 0.07 ∼ 0.90 d−1 and 0.04 ∼ 0.76 d−1, respectively. 
And the k values for COD in all units in spring and sum-
mer (high temperature) were signifi cantly higher than in 
fall and winter (low temperature) since higher tempera-
ture favored the biodegradation rate [32]. The calculated 
k values in this study were close to those reported in 
literature [21,33–35], but slightly lower than the values 
obtained by Stein et al. [32].

A summary of the computed fi rst-order removal 
rate constants (k) for NH4

+-N removal in the pilot-scale 
constructed wetlands based on the k–C* model of each 
season was also shown in Table 3. The calculated k 
values for NH4

+-N in planted wetland units were sig-
nifi cantly higher than that in the unplanted units. Spe-
cifi cally, the calculated k values for NH4

+-N and were 
0∼0.20 d−1 in the planted units and 0.03 ∼ 0.29 d−1 in the 
unplanted units. And the k values for NH4

+-N in spring 
and summer were signifi cantly higher than in fall and 
winter. The calculated k values for NH4

+-N were simi-
lar to those reported in literature [21,36], but lower than 
the results obtained by Jing and Lin [17] and Jing et al. 
[33]. This variation of removal rate constants (k) may be 
because k value was generally affected by the infl uent 

Table 3
First-order removal rate constants (k) and coeffi cients of determination (R2) for COD removal in the pilot-scale constructed 
wetlands based on the k–C* model

 Unit Season k (d−1) R2  Unit Season k (d−1) R2

U1 Spring 0.66 ± 0.14 0.9858 U1 Spring 0.29 ± 0.04 0.9675

Summer 0.78 ± 0.28 0.9778 Summer 0.22 ± 0.02 0.9954

Fall 0.11 ± 0.01 0.9883 Fall 0.09 ± 0.02 0.7321

Winter 0.19 ± 0.09 0.9293 Winter 0.03 ± 0.00 0.8862

U2 Spring 0.59 ± 0.08 0.9959 U2 Spring 0.17 ± 0.04 0.9181

Summer 0.90 ± 0.47 0.9829 Summer 0.25 ± 0.02 0.9973

Fall 0.13 ± 0.00 0.9891 Fall 0.13 ± 0.02 0.8779

Winter 0.16 ± 0.03 0.9730 Winter 0.08 ± 0.02 0.8757

COD U3 Spring 0.66 ± 0.11 0.9924 NH4
+-N U3 Spring 0.22 ± 0.04 0.9628

Summer 0.80 ± 0.35 0.9742 Summer 0.30 ± 0.01 0.9989

Fall 0.14 ± 0.00 0.9933 Fall 0.10 ± 0.00 0.9620

Winter 0.07 ± 0.00 0.9906 Winter 0.08 ± 0.01 0.9831

U4 Spring 0.64 ± 0.10 0.9974 U4 Spring 0.27 ± 0.03 0.9819

Summer 0.76 ± 0.24 0.9778 Summer 0.29 ± 0.01 0.9994

Fall 0.17 ± 0.01 0.9914 Fall 0.07 ± 0.00 0.9810

Winter 0.10 ± 0.00 0.9975 Winter 0.04 ± 0.01 0.8742

U5 Spring 0.54 ± 0.10 0.9920 U5 Spring 0.16 ± 0.02 0.9705

Summer 0.76 ± 0.28 0.9752 Summer 0.20 + 0.01 0.9950

Fall 0.04 ± 0.00 0.9435 Fall 0.06 + 0.00 0.8527

  Winter 0.13 ± 0.01 0.8611   Winter 0 0.0000
Spring: April and May, summer: from June to October, fall: November, winter: December.
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concentrations, the hydraulic load rate and the water 
depth as well as climatic conditions in the area.

3.5. Design suggestions and full-scale study

The high COD and NH4
+-N removal of surface con-

structed wetland systems (Fig. 3) indicated that it is a 
promising alternative treatment scheme for the polluted 
river water. The present research results allowed us to 
estimate the required HRT for a surface constructed wet-
lands located in this area of China. It was estimated that a 
HRT above 6 d is adequate for relatively high removal of 
COD and NH4

+-N. Fig. 4(a) showed the minimum time 
required for reaching Grade-III water quality in China 
in different month throughout the year based on the 
result of this study. It was seen that for COD removal the 
required HRT was about 2∼12 d from March to Decem-

ber and for NH4
+-N removal the required HRT was about 

6 ∼ 30 d. On the whole, time required for reaching Grade-
III water quality in spring and summer was shorter than 
in fall and winter. Furthermore, we recommend that 
plant be harvested in winter, the decaying vegetation be 
gathered and pest control be implemented.

Fig. 4(b) showed average COD and NH4
+-N infl uent 

and effl uent concentrations in the full-scale constructed 
wetland from March 2008 to April 2010. The result indi-
cated that the treated river water mostly met Grade-III 
water quality in China and could be directly discharged 
into Nansi Lake which is an important drinking water 
source in northern China. In addition, the surface con-
structed wetland partially rehabilitated the degenerated 
lakeshore wetland. An improvement in the diversity of 
species was observed in and around the system.

4. Conclusions

Surface fl ow constructed wetland was found to be 
suitable for removal of COD and ammonium in pol-
luted river water in northern China and the treated river 
water met Grade-III water quality of China. The wetland 
systems with different plants showed no signifi cant dif-
ference in COD removal. In contrast, planted units were 
better than unplanted units in terms of NH4

+-N removal. 
The HRT had a slight effect on the removal of COD but 
a more signifi cant effect on the removal of NH4

+-N. And 
the calculated k values for COD and NH4

+-N in spring 
and summer were signifi cantly higher than that in fall 
and winter. It was estimated that the required HRT to 
reach Grade-III water quality for COD removal was 
shorter than that for NH4

+-N removal. Through full-
scale study, the surface constructed wetland not only 
improved the quality of the river water but also partially 
rehabilitated the degenerated lakeshore wetland.
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