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ABSTRACT

Studies were conducted on six pilot-scale vertical flow constructed wetland (VFCW) systems for the
treatment of real domestic wastewater. All the six VFCWs had identical configurations and was filled
with sand at the top and gravel at the bottom. The middle layer of each wetland system was filled with
organic media (wood mulch, sugarcane bagasse and coir) and inorganic media (gravel, brick rubbles
and pebbles), respectively. All the VFCWs were planted with wetland plant Typha latifolia. During the
experimental study, the wetlands were loaded with real domestic wastewater. Performances of the wet-
lands were evaluated for the removal of organics, nutrients and bacterial contamination. The organic
media wetlands had a removal efficiency of biochemical oxygen demand (BOD,) (75%-88%), chemical
oxygen demand (COD) (72%-82%), ammonia nitrogen (NH,-N) (63%-70%), nitrate nitrogen (NO,-N)
(77%-80%), total nitrogen (TN) (67%-68%) and total phosphorous (TP) (66%-80%). The control and
inorganic media wetlands had a removal efficiency of BOD, (91%-94%), COD (82%-85%), NH,-N
(561%~77%), NO,-N (59%-63%), TN (42%~56%) and TP (58%—68%). Total suspended solids and fecal
coliform removal was above 88% and 95%, respectively, in all the wetlands irrespective of the media.
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1. Introduction floating leaves). Further classification is usually based on the
water flow regime (horizontal or vertical flow). The horizontal
flow (HF) system is the one where wastewater flows from inlet
to outlet in horizontal path through porous media [10]. Vertical
flow constructed wetlands (VFCWs) are fed intermittently with
a large batch of wastewater which then gradually percolates
vertically down through the bed and is collected by a drain-
age network at the base. The bed drains completely free and
it allows air to refill the bed. This kind of dosing leads to good
oxygen transfer that supports nitrification [11,12]. Usually
common reeds (Phragmites karka) or cattails (Typha angustifo-
lia) are used as wetland plants [13]. Many technologies have
been tried throughout the world to increase the treatment effi-
ciency in constructed wetland such as (i) change in operation
strategies such as effluent recirculation, artificial aeration, tidal
operation, flow direction reciprocation, bio-augmentation and
earthworm integration; (ii) modification in the configuration

Constructed wetlands (CWs) are considered as a low cost
and sustainable alternative for wastewater treatment, especially
suitable for developing countries [1]. Constructed wetlands
have been used in the treatment of various wastewaters such
as dairy wastewater [2], domestic wastewater [3], olive mill
wastewater [4], industrial effluents [5], agricultural runoff [6],
boron mine effluent [7], landfill leachate [8] and other polluted
waters. Constructed wetlands, in contrast to natural wetlands,
are manmade systems that are designed, built and operated to
emulate the functions of natural wetlands. It is created for the
purpose of pollutant removal from wastewater [9]. Itis a natural
wastewater treatment process which involves complex inter-
action between soil, water, plants and microorganisms. The
basic classification of CWs is based on the type of macrophytic
growth (emergent, submerged, free floating and rooted with
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such as circular flow corridor CW, baffled subsurface flow
CW, tower hybrid CW, microbial fuel cell CW; (iii) supply of
electron donors to enhance the removal of selected inorganic
oxygenated anions such as addition of organic carbon in CW,
using organic filtration media in CW, step-feeding in CW
[14]. However, some of these variations require complicated
arrangement and the setup incurs significant operating and
maintenance costs. In order to enhance the pollutant removal
efficiency, especially the removal of nutrients from the waste-
water, recent studies have investigated the effects of alternative
arrangement of wetland media in the wetland systems [15-17].
Alternative arrangement of wetland media, which generates
the necessary conditions to ‘coordinate’ various microbial
degradation processes, can be an attractive and economical
option for enhancing the performances of nutrient removal in
vertical flow wetlands [18]. A limited number of studies have
been carried out on alternative media arrangement in wet-
land systems; for example: zeolite [1], slag [19], lightweight
aggregate [20] and alum [21] have been studied. These studies
generally reported improved performances in the removal of
common pollutants (such as organics, suspended solids and
phosphorus) from wastewaters. For improving the removal
of nitrogen from wastewater, wetland media that are rich in
organic carbon contents have been tested [16,17,22]. Numerous
studies that were conducted around the world on constructed
wetlands provide voluminous literature; though, not much
research has been done on constructing a wetland by chang-
ing the wetland media. Based on the concept of using a media
which is rich in organic carbon content as the wetland media,
a research was carried out in VFCW using organic media such
as wood mulch, sugarcane bagasse and coir and compared
with inorganic media such as gravel, brick rubble and pebbles.
The main objective of the study is to understand the efficiency
and system performance of the wetlands in terms of remov-
ing organics, nutrients and bacterial contamination from the
domestic wastewater when wetland systems contain organic
media and inorganic media. The study also aims at finding the
efficient organic media for the wetland treatment process.

2. Materials and methods

2.1. Study area and wastewater

The present study was conducted in the sewage treat-
ment plant (STP) located at Anna University, College of
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Engineering, Guindy campus, Chennai, Tamil Nadu, India
(13° 00'39.19" N, 80° 14'7.54"E). Domestic wastewater gen-
erated in the university campus and hostel is channelled by
pipes to the STP where it is treated by activated sludge pro-
cess and reused for gardening. The influent for the study was
collected from this STP after primary treatment (screening
and primary settling). The primary treatment was done to
avoid clogging in the wetland system.

2.2. Configuration of pilot-scale wetland systems

Six experimental setups of VFCWs (VF1, VF2, VE3, VF4,
VEF5, VF6) were designed and constructed based on United
Nations Habitat Manual [23] on design of constructed wet-
land. The wetlands were all of same configuration of diam-
eter 0.55 m and height 0.75 m. Of the 0.75 m height, 0.15 m
at the top was left as freeboard. The remaining 0.6 m was
divided into three equal portions of 0.2 m each. The top and
bottom portions of all the wetlands were filled with sand
and gravel, respectively. The middle layer was filled with
gravel, wood mulch, bagasse, coir, brick rubble and pebbles,
respectively, in each wetland as shown in Fig. 1. Sampling
ports were provided at every 0.2 m depth. Bottom sampling
port was used for the collection of effluents. The wetland
filled with gravel in the middle (VF1) acted as the control
wetland system which is also an inorganic media wetland.
Details of VECW and media used are discussed in Tables
1 and 2, respectively. Twenty rhizomes of height 15 cm of
locally available macrophytes (Typha latifolia) were planted
in each wetland. The planted Typha latifolia thizomes were
collected from a local water channel inside the campus itself.
After plantation all the wetland systems were waterlogged
for 8 weeks allowing the establishment of macrophytes.

2.3. Operation of the wetland system

After the establishment of macrophytes, the systems were
fed with real domestic wastewater. Domestic wastewater
from the STP was transferred to two influent tanks of
90 L capacity each. Two separate influent tanks were used
for operational convenience only and it represented a single
system. Both the influent tanks were identical in construction
and had the same influent. The tanks were topped up with
influent wastewater continuously. These influent tanks fed

INFLUENT
TANK

INFLUENT
TANK

0.15m
0.2m

0.55m
VF1

VF2 VF3

VF5

VF4 VF6

Fig. 1. Schematic diagram of vertical flow wetland system arrangement.
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the six wetlands by means of separate pipelines. The influ-
ent wastewater was fed above the top layer (sand surface)
of the wetland by means of multiple holes in the pipeline
for even distribution. An outlet valve was placed at the bot-
tom of each wetland for the collection of treated water by
gravity, which also acted as a sampling port for the effluent.
Each of the six wetland system was loaded with 25-30 L/d
of domestic wastewater at the rate of about 1 L per hour
from the influent tanks for a period of 12 weeks. A breathing
period of two days was given after every 5 d of loading. This
type of intermittent supply and breathing period was given
to increase the oxygen diffusion and to avoid bio clogging in
the wetlands [24].

After 12 weeks of continuous loading and as the systems
stabilized, a shock load of 60 L of wastewater was batched
into each of the wetland system and retained within the wet-
land. Effluent samples were collected after the first day, third
day, fifth day and seventh day. After the seventh day, the
wetlands were completely drained and a resting period of
one day was given. Then the next loading of 60 L was batched
into the system. This cycle of loading and breathing (resting
of wetland bed) was done for a period of 12 weeks. All the
influent and effluent samples were tested during each week
for the same parameters as in continuous phase. This meth-
odology was adopted to monitor the carbon leaching from
the organic media in the wetlands.

2.4. Flow rate and sizing of the wetland system

The average water inflow rate per household is 135 L/pe/d

_Q,(InC,-InC))

A
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)
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where A, = surface area of bed (m?); Q,= average daily flow
rate of sewage (m’d); C, = influent BOD, concentration
(mg/L); C, = effluent BOD, concentration (mg/L); K, = rate
constant (m/d) for vertical flow wetland.

As per the UN habitat manual, the surface area of a VF
system should be about 0.8-1.5 m?/pe. The surface area of
each VF wetland system in this study is 0.98 m?/pe thus ful-
filling the abovementioned criteria.

The operational parameters are given in Table 3. Samples
of influent and effluent were collected from all the wetland
systems to determine the following parameters: pH, tem-
perature, EC and dissolved oxygen (DO), total suspended
solids (TSSs), biochemical oxygen demand (BOD,), chem-
ical oxygen demand (COD), ammonia nitrogen (NH,-N),
nitrate nitrogen (NO,-N), total nitrogen (TN), total phospho-
rous (TP) and fecal coliform (FC). The values of pH and EC
were measured by pH meter (4500 H+ B) and conductivity
meter (2510 C B), respectively. Temperature was measured
by digital water temperature thermometers. DO was ana-
lyzed by Winkler method, titration (5210 O B) and BOD was
analyzed by closed reflux titrimetric method (5210 BOD B).
TSS was analyzed by gravimetric method (2540 D) and COD

Table 3
Operational details of the wetlands

(typical value for small rural settlement in India) which in Mode of operation  OLR HLR  Theoretical HRT
turn generates 100-108 L/person/d as a domestic wastewater. (g COD/m*d) (m/d) (d)- considering
As a pilot scale, each wetland system is designed for one void ratio as 0.45
fourth the mﬂuent.flov.v of this domestic wastewater. Continuous phase ~ 40-60 0104 32
The wetland is sized based on Eq. (1) proposed by Batch mod 7d
Kickuth: atch mode - -
Table 1
Details of six VF wetland systems
Wetlands VF1 VE2 VEF3 VF4 VF5 VF6
Top layer (0.2 m) Sand Sand Sand Sand Sand Sand
Middle layer (0.2 m) Gravel Wood mulch Sugarcane bagasse Coir Brick rubbles Pebbles
Bottom layer (0.2 m) Gravel Gravel Gravel Gravel Gravel Gravel
Typha latifolia 20 Nos 20 Nos 20 Nos 20 Nos 20 Nos 20 Nos
Table 2

Details of media used in the VF wetland systems

Substrates Description
Sand Sand of size 2-4 mm and pack porosity of 35% was obtained from the Anna University construction site
Wood mulch A mixture of solid wood chips and humus material purchased from a local warehouse. Size 10-20 mm and

pack porosity 53%
Sugarcane bagasse
Coir
Brick rubbles
Pebbles
Gravel

Obtained from sugar factory, size 10-20 mm and pack porosity of 50%

Obtained from coir factory with a length 80-100 mm and pack porosity of 54%

Collected from Anna University construction site, size 20-30 mm and pack porosity of 59%

Collected from Anna University STP site, size 20-30 mm and pack porosity of 61%

Gravels obtained from the Anna University construction site, of size 10-20 mm and pack porosity 42%
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by open reflux titration method (5220 B), NH,-N by distilla-
tion followed by titration (4500 NH,-B, C), NO,-N by ultra-
violet spectrophotometric screening method (4500-NO,-B),
TN were analyzed by using total organic carbon analyzer.
Analyses of TP were done by spectrophotometry-stannous
chloride method (4500 P D). All the tests were carried as per
the APHA manual, standard methods for wastewater treat-
ment process [25]. FC was tested as per Indian standard
methods of sampling and microbiological examination of
water IS (1622: 1981).

2.5. Meteorological conditions

Meteorological data during the experimental period
were obtained from the Indian Meteorological Department,
Chennai. An average temperature of 29°C, average humidity
of 78% and average rainfall of 176.5 mm was observed during
the experimental period. Variations due to evapotranspira-
tion were not considered in this study.

2.6. Statistical analysis of wastewater

Statistical analysis was performed using the software
SPSS Version 12.0 (SPSS Inc., Chicago, USA). The data were
analyzed through one-way analysis of variance to com-
pare the pollutant removal performances of constructed
wetland units. All results were expressed as the mean
values. Significant levels are reported as non-significant
when p > 0.05 and significant when p < 0.05. All of the vari-
ables were tested and ensured that they were normally
distributed.

3. Results and discussion
3.1. Influent and effluent characteristics

The design of a wastewater treatment system depends
on the influent wastewater characteristics. The influent and
effluent characteristics were studied weekly for 12 weeks
during the continuous phase and the results are tabulated
in Table 4. Similarly, the influent characteristics and effluent
characteristics on the first, third, fifth and seventh day were
studied for 12 weeks for batch loading. The influent was
also tested for surfactants but it was below detectable level.
The surfactants may have been diluted as the influent was
from university campus and hostel where the use of laundry
detergent is minimal.

3.2. Performance of the wetland systems during the continuous
phase

Removal efficiency calculations were based on mass
balance.

Percentage removal efficiency = €. (_j i %100 )

i

where C,and C are the inlet and outlet concentrations, mg/L.
The percentage removal of pollutants during the continu-
ous phase is represented in Fig. 3.

Table 4

Mean pollutant concentration in the influent and effluent across the wetland systems

Standard limits for

Effluent Effluent Effluent Effluent Effluent Effluent

Influent

Unit

Parameters

concentration concentration concentration concentration concentration concentration reuse

VF1

VF6

VF5

VF4

VE3

VE2

5.5-9.0
>2

7.4+0.5
5.6£2.4
2.07+0.5

7.0£0.1

6.620.8
5.9+2.1
2.3+1.2
26.4+0.1

6.6+0.2
4.4+1.6

6.9+0.3

5.2+0.8

2.3+0.3
26.7+.9

7+0.9
3.9+1.1
2.04+0.4

8.03+0.12
2.5+0.2
2.8+1.5
27.3+1

pH
DO
EC

5423
2.45+0.6

mg/L

NA

1.9+0.34
26.5+0.1

ms/cm
°C

NA

26.8+0.4
29.23+0.87

26.5+0.2

26.9+0.4

Temperature

10
<5

26.5+0.5

28.1+1.7
24.33+3.7

33.3+3.06
53.3+4.16
96.67+1.53

29.3+1.5

29.8+0.7

13.3+3

51.3+3
1541

283+26.8
212+6.4

mg/L
mg/L

mg/L

Total suspended solids

BOD

19.6+2.65
61.5+3

18+3.46
58.3+2

27+2.6
72.6+2.52

10
50
10

8.9+0.17

7.13+0.75
38.3+1.5

9+0.50

8.97+1.31
34.4+1.5

63.67+2.31
9.23+1.46
4.93+0.42

4.5+0.36

11.2+1.99
25+1

10+1
5.1+0.2
25.5+1.9

8.1+0.5
46+2

346+50.3
30.6+1.2
22.1+3.3

mg/L
mg/L

COD
NH,-N
NO,-N

NA

5

25+1.31
1.9+0.3

78.618.6

mg/L

Total nitrogen

3.2040.1

2.43+0.31

7.6+0.78 2.740.2 1.5+0.3 2.60+0.2
4045

mg/L

Total phosphate

52+3.79 35+2.65 64+4.04 69+4.93 Not detectable/100 mL

43+3.2

MPN/100 mL  2,000+200

Fecal coliform

NA —not available.

All values are average of 12 samples.
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3.3. pH and DO

As shown in Fig. 2(a), the average pH of the influent was
slightly alkaline nature (8.03 + 0.12). After passing through
the constructed wetland, the effluent pH decreases in all
the wetlands. This indicates that there is a decomposition of
organic matter which may lower the pH value. According to
Metcalf and Eddy Inc. [26] and Sun et al. [27] during the nitri-
fication process a large amount of alkalinity is consumed as
an inorganic carbon source by the nitrifying bacteria quanti-
tatively 8.64 mg HCO, — per mg of NH,-N oxidized. This is
in agreement with the earlier research by Kadlec and Knight
[28]. Significant nitrification can result in substantial drop of
pH in wastewater. Such a result is consistent with the fact
that there was a significant reduction of NH,-N concentration
in the effluents of the wetland system. There was not much
variation in the pH among the wetland system effluents.

Fig. 2(b) shows the DO variation in the influent and efflu-
ent samples. DO content of the influent was 2.5+0.2 mg/L. The
DO content of the organic media wetlands VF2, VE3, VF4 were
5.240.8,4.4+1.6,5.9+2.1 mg/L, respectively. The inorganic media
wetlands VF5, VE6 DO content were 5+2.3 and 5.6+2.4 mg/L,
respectively. DO content of control wetland was 3.9+1.1 mg/L.
From the results, it was observed that DO content increases
in the effluent of all the wetlands. Higher DO content was
noticed in VF4 wetland system. It was also noted that DO con-
tent increases when there is a decrease in temperature.

3.4. EC and temperature

Electrical conductivity is the reciprocal of the electrical
resistivity of a liquid solution. Electrical conductivity is most
often used as an indicator of total dissolved solids concentra-
tion of a solution.
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The influent electrical conductivity was 2.8+1.5 ms/cm as
shown in Fig. 2(c). Electrical conductivity in the effluent of VF
wetland systems was in the range of 1.9+0.34-2.45 +0.6 ms/cm.
The average EC of the effluent was slightly less as compared
with the values for the influent during the period of study.
Like pH, there is not much variation in the EC level among
the wetland system effluents.

Weekly wetland samples were analyzed for temperature.
The average influent and effluent water temperatures were
27.3°C+1°C and 26.4°C+1°C, respectively, and this was within
the meteorological mean temperature of 29°C.

3.5. Total suspended solids

TSS removal efficiencies were above 88%. All wetlands
showed similar removal percentages in the range of 88%
to 91%. VE5 showed the highest percentage removal of
91% (26.5+0.5 mg/L). TSS removal efficiencies were high
when compared with other studies [10]. Fig. 3(a) indi-
cates that irrespective of the media used the VF wetland
system is effective in TSS removal. TSSs are removed by
flocculation, sedimentation and filtration/interception [29].
Wetland systems are effective in TSS removal because of
the relatively low velocity and high surface area in the
wetland media. Wetland system act similar to gravel fil-
ters and thereby provides opportunities for TSS separa-
tions by gravity sedimentation, straining, physical capture
and adsorption on biomass film attached to gravel and
root systems. As the TSS are predominately removed by
filtration, the sand and gravel media in all the wetland
system increases the chances for the suspended solids
to be trapped and retained in the bed matrices, thereby
improving TSS reduction.
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Fig. 2. Variation of (a) pH, (b) DO, (c) EC, (d) temperature during the continuous phase.
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N, (f) TN, (g) TP, (h) FC (bars represent standard deviation of the mean).
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3.6. BOD, and COD

The control wetland VF1 had a BOD, removal of 94%
and COD removal of 85%; wetland VF2 had a BOD, removal
of 87% and COD removal of 79%; wetland VF3 had a BOD,
removal of 75% and COD removal of 72%; wetland VF4 had
a BOD, removal of 89% and COD removal of 82%; wetland
VF5 had a BOD, removal of 92% and COD removal of 83%;
wetland VF6 had a BOD, removal of 91% and COD removal
of 82% as shown in Figs. 3(b) and (c), respectively. The inor-
ganic media wetland system (VF1, VF5 and VF6) showed bet-
ter removal efficiency of BOD, as well as of COD than organic
media wetland (VF2, VE3, VF4). This may be due to leaching
of organic carbon from the organic media, which may con-
tribute to the BOD, load in the reactor [16]. The effluent con-
centration BOD, and COD in the bagasse wetland VF3 was
53.33+4.16 mg/L and 96.67+1.53 mg/L, respectively. According
to the Central Pollution Control Board (CPCB) of India, the
standard values for discharging treated wastewater in surface
water bodies is BOD, of 30 mg/L. and COD of 250 mg/L while
for discharging in land irrigation BOD, value of 100 mg/L and
of COD of 250 mg/L [30,31]. Therefore, the treated water from
VE3 can be used for irrigation purpose only. Further treat-
ment of the effluent from bagasse wetland (VF3) is required
if the wastewater is to be discharged into surface waters. All
other organic media and inorganic media wetland effluents
(BOD, and COD) concentration were below CPCB limit.

3.7.NH,-N, NO-N and TN

Nitrogen removal in a constructed wetland system
includes uptake by plants and other living organisms. It is
also removed by nitrification, denitrification, ammonia vola-
tilization and cation exchange for ammonium [32].

3.7.1. NHN

The organic wetland VF2 had a NH,-N removal of 67%.
Bagasse wetland VF3 had a NH,-N removal of 63% which
is similar to earlier reported removal rates [16]. VF4 had a
NH,-N removal efficiency of 70%. Similarly, VF5 and VF6
had removal efficiency of 71% and 77%, respectively. Among
the six wetlands, higher removal rate of NH,-N was observed
in pebble media wetland. The organic and inorganic media
wetlands show better performance in NH,-N removal than
control wetland (51%). Higher removal NH,-N efficiency in
organic and inorganic wetlands shows that significant nitrifi-
cation process occurs in these wetland systems. Nitrification
process is mainly dependent on the presence of DO [33].
Higher oxygen diffusion into the wetland system for nitri-
fication is due to its porous nature [16]. Results indicate that
wetlands with greater DO values had a higher removal rate
of NH-N. Greater DO values can be attributed to the porous
characteristic of the media. This statement is supported by
the results of coir, brick rubbles and pebble media wetlands
which have a porosity of 54%, 59% and 61%, respectively.

3.7.2. NO,-N and TN

The control wetland VF1 had a NO,-N and TN removal of
63% and 42%, respectively, whereas organic media wetland

VF2, VF3, VF4 had a NO,-N removal efficiency of 77%, 80%,
78%, respectively, and TN removal of 67%, 68% and 68%,
respectively. The inorganic media wetlands VF5 and VF6
show a NO,-N removal efficiency of 59% and 60%, respec-
tively, and TN removal efficiency of 56% and 51%, respectively,
as shown in Figs. 3(e) and (f), respectively. Abovementioned
results indicate organic media wetlands show better TN
removal when compared with inorganic media wetlands.
Higher NO,-N and TN removal rates were observed in coir
media wetland. This clearly indicates that efficient denitrifi-
cation has occurred in organic media wetlands. Catering of
organic carbon from the organic media increases the denitri-
fication process. Higher effluent BOD and COD concentra-
tion was associated with lower effluent NO,-N concentration
across VF wetland columns VF2, VE3, VF4 (wood mulch,
sugarcane bagasse and coir substrates) indicating the gen-
eration of organic carbon from the substrate for denitrifica-
tion. Denitrification is carried out by microorganisms under
anaerobic (anoxic) conditions, with nitrate as the terminal
electron acceptor and organic carbon as the electron donor;
this reaction occurs in the absence of oxygen and requires an
organic carbon source. The products of denitrification are N,
and N,O gases that will readily exit the wetlands. For effi-
cient denitrification process, availability of organic carbon is
the main constraint. Various organic substrates, for example:
sugarcane bagasse [17], rice husk [22] and wood mulch [16]
were employed previously as the main media in VF and HF
wetland systems to foster the denitrification process. Songliu
et al. [34] recorded increased denitrification rates, when
the external carbon source was added. These findings illus-
trate the feasibility of organic media substrate for pollutant
removal in constructed wetlands, particularly for nitrogen
elimination. In contrast, the trend was completely opposite
in control and inorganic media wetland. The denitrification
process was limited in these wetlands due to lack of organic
carbon as there was no leaching of carbon from the media
resulting in NO,-N accumulation.

3.8. Total phosphorous

The phosphorous removal in constructed wetland may
take place due to adsorption, plant intake, accretions of wet-
land soils, complexation, microbial immobilization, retention
by substrates and precipitation [33,35]. Among these factors,
the substrate may play the greatest role and could be most
amenable. Thus, it is important to select those substrates that
present the highest phosphate adsorption capacity. The phos-
phorous reduction in the wetland may be due to adsorption of
some phosphorous by the gravel media in the wetland system.
The adsorption capacity of gravel was about 37.7 mg/g [33].
In this study, the phosphorous removal efficiency of the con-
trol wetland system was 64%. Phosphorus removal in other
wetlands were VF2 (80%), VF3 (66%), VF4 (75%), VF5 (68%)
and VF6 (58%). Among these wetlands, wood mulch and coir
wetlands, VF2 and VF4, showed a good removal efficiency of
80% and 75%, respectively, which was also attained in earlier
studies [3]. Among all the wetlands, wood mulch wetland out-
performed the other wetland units in phosphorous removal.
The humus material in the wood mulch and coir substrate
(organic media) might have played a major role in terms of
higher phosphorous removal via TP adsorption [16].
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3.9. Fecal coliform

Fecal coliform removal in VF1, VF2, VF3, VF4, VF5 and
VE6 were 98%, 98%, 97%, 98%, 97%, 97%, respectively. Fecal
coliform removal rate of above 97% was observed in all the
wetlands irrespective of the media. Similar results were
observed in the study conducted earlier [3]. The dominance
of aerobic conditions in the top portion of the these wet-
land systems is believed to have played a major role in the
removal of fecal coliforms through the following ways: (1)
by promoting the growth of heterotrophic protozoa organ-
isms which often play the dominant role for E. coli removal
in constructed wetlands via predation [36,37] and (2) by E.
coli oxidation, enhancing mortality of coliforms [16,38]. Fecal
coliform is destroyed either by predation or by UV irradia-
tion. This clearly indicates that VF constructed wetland irre-
spective of media used is efficient in fecal coliform removal.
The effluent, if discharged on surface water body or used
for irrigation purpose needs no further treatment as it com-
plies with CPCB standards. However further disinfection is
required if it is reused for domestic purposes.

3.10. Performance of the wetland systems during the batch mode
3.10.1. Effect of hydraulic residence time

As mentioned under the section 2.3, the influent had
been retained in the wetland for 7 d and the effluent samples
were taken on the first day, third day, fifth day and seventh
day (12 samples each). The influent and effluent concentra-
tions of each parameter were analyzed and are represented
in Fig. 4.

3.10.2. Impact of hydraulic residence time on TSS removal

Initial concentration of TSS in the influent was
183+74 mg/L. TSS concentration decreased in all six wetlands
as the retention days progressed. In organic media wetlands
VE2, VE3, and VF4 higher TSS removal efficiency was on fifth
day. Ininorganic media wetlands (excluding control wetland),
maximum TSS removal efficiency was obtained on seventh
day. Higher TSS removal efficiency was noticed in VF1 (96%)
on third day. TSS concentration of the effluent decreased
for all the wetlands as the days progressed irrespective of
wetland media. As the residence time increased there are
more chances of filtration and adsorption of TSS on biomass
film and root system. This might have reduced the TSS con-
centration in the effluent.

3.10.3. Impact of hydraulic residence time on organics removal

As can be seen from Figs. 4(b) and (c), the effluent BOD,
and COD concentration show a decreasing trend in each
inorganic media wetlands (VF1, VF5, VE6) with the increase
of residence time. In organic media wetlands (VF2, VE3
and VF4), maximum removal efficiency was noticed on the
first day itself. However, organic pollutant concentration in
the effluent increased as the days progressed. This clearly
indicates that there is a carbon leaching from the organic
media which increases the BOD, and COD concentration of
the effluent. This was predominantly noticed in sugarcane
bagasse wetland (VE3). This phenomenon could be due to the

fact that, theoretically, sugarcane bagasse straw can release
more available carbon for promoting denitrification followed
by wood mulch and coir releasing the least [39,40]. On the
other hand, the organic media might have some components
such as lignin making the COD concentration increase which
is difficult for microorganisms to degrade [39,40]. From the
graph, it was observed that the inorganic media wetland was
effective in organic matter removal. In organic media wet-
lands, organic pollutants such as BOD, and COD were effec-
tively removed within 24 h but as the days progressed, the
BOD, and COD pollutants gradually increased. It also should
be noted that the control wetland-VF1 was more efficient in
BOD, and COD degradation (95% and 89%, respectively) on
seventh day.

3.104. Impact of hydraulic residence time on NH, -N,
NO,-N, TN and TP removal

Nitrification is an aerobic process which needs oxygen
for conversion of ammonia or ammonium to nitrite fol-
lowed by the oxidation of the nitrite to nitrate. Nitrification
is performed by small groups of autotrophic bacteria and
archaea. The oxidation of ammonia into nitrite is performed
by two groups of organisms, ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaea (AOA) In soils, the
most studied AOB belong to the genera Nitrosomonas and
Nitrosococcus. The second step (oxidation of nitrite into
nitrate) is done mainly by bacteria of the genus Nitrobacter
and Nitrospira. Previous studies have shown that much
more nitrifying bacteria can be detected in intermittently
aerated CWs [41]. Nitrification is an indispensable step
for TN elimination and is the primary step when NH,-N
is transformed into NO,-N. An efficient nitrification often
requires high DO concentration. As shown in graph, the
NH,-N concentration of all six wetland systems decreased
in the first and third day itself and subsequently remained
constant. This is true for organic as well inorganic media
wetland irrespective of their porosity. It could be noticed
that maximum NH,-N removal occurred in the VF6 wet-
land, it reached above 88% on the first day. Furthermore, the
effluent NH,-N concentrations in all systems were below
10 mg/L which was far lower than the central pollution con-
trol board discharge standards.

Denitrification is an anoxic and microbially facilitated
process where nitrate is reduced and ultimately produces
molecular nitrogen (N,) and gaseous nitrogen oxide prod-
ucts. Facultative anaerobic bacteria perform denitrification
as a type of respiration that reduces oxidized forms of nitro-
gen in response to the oxidation of an electron donor such
as organic matter. Denitrifying microbes require a very low
oxygen concentration of less than 10% and organic carbon
for energy. In the organic media wetland system, the organic
carbon needed for denitrification is supplied by the media.
Higher nitrate removal and high BOD and COD value in the
effluent can be attributed to this. The concentration of NO,-N
and TN in organic media wetland decreased as days pro-
gressed. This shows that there was an effective denitrification
process in the organic media wetland systems. Maximum
nitrate removal was obtained on the seventh day in VF4. The
inorganic media wetlands show a lower removal efficiency of
nitrate as the days progressed.
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The initial concentration of TP was 10.9+0.78 mg/L.
Maximum removal of TP was on the first day itself. As the
days increased there was no significant reduction in TP
among the wetlands. Higher TP removal was obtained in
wood mulch and coir wetland on first day.
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Fecal coliform count in the effluent decreased over the
days as seen in Fig. 4(h). High removal efficiency (99%) was
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noticed in VF6 on seventh day. The removal efficiency on
seventh day was 94%, 95%, 96%, 96% and 98% for wetlands
VF1, VE2, VF3, VF4 and VF5, respectively. The high removal
percentage is due to continuous exposure of the wetland to
sunlight. Nearly 95% of fecal coliform was removed within
3 d irrespective of the wetland media used. Hence retention
for more days is not essential. From this study, it is inferred
that the media has no significant effect on the fecal coliform
removal.

4. Conclusion

Overall the organic media and inorganic media enhanced
the pollutant removal efficiency in vertical flow constructed wet-
land. pH, EC and temperature decrease during the treatment
process whereas DO increases during the treatment process.
All vertical flow wetland system shows higher TSS removal of
more than 88%. BOD, and COD removal efficiency is relatively
less in organic media wetlands when compared with inorganic
media. This may be due to organic carbon leaching from the
organic media. Carbon leaching from organic media wetlands,
especially VF3 wetland, caused more BOD, and COD concen-
tration in the effluent. The availability of organic carbon from
the organic media wetlands foster the denitrification process
and increased the NO,-N removal rate when compared with
the control wetland and inorganic media wetland. In control
and inorganic media wetlands, the higher amount of organic
degradation depleted the amount of organic carbon which is
essential for denitrification process resulting in nitrate accumu-
lation in the effluent. Due to the porosity of the organic media
and inorganic media, there is availability of sufficient oxygen
diffusion in the wetland. This enhanced the nitrification process
which resulted in higher NH,-N removal efficiency in these
wetland systems. The humus material in the organic media
enhanced the removal percentage of phosphorus in these wet-
lands. Special media such as calcite, marbles and shale can also
be used when focusing on phosphorous removal in wetlands.
Higher percentage of fecal coliform removal was achieved in all
the wetlands due to dominance of aerobic conditions in the top
portion of the wetland. Among the organic media wetlands, coir
shows a consistent and stable removal of pollutants than wood
mulch media and bagasse media. However, the use of organic
substrate needs very careful evaluation due to the risk of exces-
sive leaching of organic carbon from the organic media. A resi-
dence time of 3 d is sufficient for treating the domestic water in
organic media filled wetland. A further increase in resident time
may cause leaching of organic carbon which might increase the
organic matter concentration. After 3 d, a resting period of 1 d
can be adopted to avoid carbon leaching of the organic media.
Further, to reduce the organic carbon leaching from the organic
media wetlands, (i) hybrid system can be opted, where vertical
wetland (VF) filled with organic media followed by horizontal
flow wetland (HF) filled with inorganic media (gravels, brick
rubbles, pebbles) can be employed or (ii) by employing organic
media in well-aerated VF wetland or (iii) by limiting the quan-
tity of organic media. The results show that addition of agricul-
tural biomass could intensify the nitrogen removal significantly
and can be used as an alternative for adding external carbon
source for enhancing the denitrification process in wetlands.
Also agricultural by-products (agricultural biomass) can be
reused as wetland media as in a sustainable manner.

The pilot-scale experiment results suggest that use
of agricultural waste rich in carbon source can be used
as constructed wetland media and will be a sustainable
technology.

References

[1] A. Yalcuk, A. Ugurlu, Comparison of horizontal and vertical
constructed wetland systems for landfill leachate treatment,
Bioresour. Technol., 100 (2009) 2521-2526.

[2] E. Smith, R. Gordon, A. Madani, G. Stratton, Year - round
treatment of dairy wastewater by constructed wetlands in
Atlantic Canada, Wetlands, 26 (2006) 349-357.

[3] S. Kouki, F. Mhiri, N. Saidi, S. Belaid, A. Hassen, Performances
of a constructed wetland treating domestic wastewater during
a macrophytes life cycle, Desalination, 246 (2009) 452—467.

[4] A. Yalcuk, N.B. Pakdil, S.Y. Turan, Performance evaluation on
the treatment of olive mill waste water in vertical subsurface
flow constructed wetlands, Desalination, 262 (2010) 209-214.

[5] TY. Chen, CM. Kao, T.Y. Yeh, H.Y. Chien, A.C. Chao,
Application of constructed wetland for industrial wastewater
treatment : a pilot scale-study Chemosphere, 64 (2006) 497-502.

[6] ZF. Yang, SK.Zheng, J.J. Chen, M. Sun, Purification of nitrate-
rich agricultural runoff by a hydroponic system, Bioresour.
Technol., 99 (2008) 8049-8053.

[7] O.C. Turker, H. Bocuk, A. Yakar, The phytoremediation ability
of a polyculture constructed wetland to treat boron mine
effluent, J. Hazard. Mater., 252-253 (2013) 132-141.

[8] E. Wojciechowska, M. Gajewska, H. Obarska-Pempkowiak,
Treatment of landfill leachate by constructed wetlands: three
case studies, Polish J. Environ. Stud., 19 (2010) 643-650.

[9] D.A. Hammer, Guidelines for Design, Construction and
Operation of Constructed Wetland for Livestock Wastewater
Treatment, PJ. DuBowy, R.P. Reaves, Eds., Proc. Workshop
on Constructed Wetlands for Animal Waste Management,
Lafayette, 1994, pp. 155-181.

[10] C.Ramprasad, L. Philip, Surfactant and personal care products
removal in pilot scale horizontal and vertical flow constructed
wetlands while treating greywater, Chem. Eng. J., 284 (2016)
458-468.

[11] PE. Cooper, The performance of vertical flow constructed
wetland systems with special reference to the significance
of oxygen transfer and hydraulic loading rates, Water Sci.
Technol., 5 (2005) 81-90.

[12] J. Vymazal, T. Bfezinova, The use of constructed wetlands for
removal of pesticides from agricultural runoff and drainage: a
review, Environ. Int., 75 (2015) 11-20.

[13] H. Brix, G.A. Moshiri, Constructed Wetlands for Water Quality
Improvement, Wastewater Treatment in Constructed Wetlands:
System Design, Removal Processes and Treatment Performance,
CRC Press Inc., 1993.

[14] S. Wu, P. Kuschk, H. Brix, J. Vymazal, R. Dong, Development
of constructed wetlands in performance intensification for
wastewater treatment: a nitrogen and organic matter targeted
review, Water Res., 57 (2014) 40-55.

[15] G. Sun, Y.Q. Zhao, SJ. Allen, An alternative arrangement
of gravel media in tidal flow reed beds treating pig farm
wastewater, Water Air Soil Pollut., 182 (2007) 13-19.

[16] T. Saeed, G. Sun, A comparative study on the removal of
nutrients and organic matter in wetland reactors employing
organic media, Chem. Eng. J., 171 (2011) 439-447.

[17] T.Saeed, G. Sun, Alab-scale study of constructed wetlands with
sugarcane bagasse and sand media for the treatment of textile
wastewater, Bioresour. Technol., 128 (2013) 438447

[18] G. Sun, K. Heimann, The Concept of Ecosystem Manipulation:
What Is It, and How Does It Work in Bioremediation? In:
6th International Conference on Environmental Science and
Technology, June, Houston, USA, Paper 913, 2012, pp. 25-29.

[19] L. Cuij, Y. Ouyang, Q. Lou, E. Yang, Y. Chen, W. Zhu, S. Luo,
Removal of nutrients from wastewater with Canna indica
L. Under different vertical-flow constructed wetland conditions,
Ecol. Eng., 36 (2010) 1083-1088.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

K. Soundaranayaki, R. Gandhimathi / Desalination and Water Treatment 146 (2019) 57-67

A. Biatowiec, W. Janczukowicz, P.F. Randerson, Nitrogen
removal from wastewater in vertical flow constructed wetlands
containing LWA/gravel layers and reed vegetation, Ecol. Eng.,
37 (2011) 897-902.

Y.Q. Zhao, A.O. Babatunde, Y.S. Hu, J.L.G. Kumar, X.H.
Zhao, Pilot field-scale demonstration of a novel alum sludge-
based constructed wetland system for enhanced wastewater
treatment, Process Biochem., 46 (2011) 278-283.

H.C.Tee, P.E. Lim, C.E. Seng, M. Nawi, Newly developed baffled
subsurface flow constructed wetland for the enhancement of
nitrogen removal, Bioresour. Technol., 104 (2012) 235-242.
UN-HABITAT, Constructed Wetlands Manual. UN-HABITAT
Water for Asian Cities Programme Nepal, Kathmandu, 2008.
G.Hua, Y. Zeng, Z. Zhoa, K. Cheng, G. Chen, Applying a resting
operation to alleviate bioclogging in vertical flow constructed
wetlands: an experimental lab evaluation, Environ. Manage.,
136 (2014) 47-53.

APHA, AWWA and WPCF, Standard Methods for the
Examination of Water and Wastewater, 20th ed., American
Public Health Association, Washington, D.C., 1998.

Metcalf and Eddy Inc. Wastewater Engineering, Treatment
and Reuse, McGraw-Hill Companies, Inc., New York, 2004, pp.
545-1026.

G. Sun, K.R. Gray, A]. Biddlestone, S.J. Allen, D.J. Cooper,
Effect of effluent recirculation on the performance of a reed
bed system treating agricultural wastewater, Process Biochem.,
39 (2003) 351-357.

R.H. Kadlec, R.L. Knight, Treatment Wetlands, Lewis Publishers,
Boca Raton, La Florida, pp. 373-440.

United States Environmental Protection Agency, Constructed
Wetlands Treatment of Municipal Wastewaters, September
1999.

S.Saumya, S. Akansha, J. Rinaldo, M. A. Jayasri, K. Suthindhiran,
Construction and evaluation of prototype subsurface flow
wetland planted with Heliconia angusta for the treatment of
synthetic greywater, J. Cleaner Prod., 91 (2015) 235-240

TERI and TVPL, Environmental Building Initiative for Greater
Hyderabad by.ver 1.2, 2010.

(32]

[33]

[34]

(35]

(36]

[37]

(38]

[39]

(40]

[41]

67

L. Yang, H.T. Chang, M.L. Huang, Nutrient removal in gravel
and soil based microcosms with and without vegetation, Ecol.
Eng., 18 (2001) 91-105.

S.A. Ong, K. Uchiyama, D. Inadama, Y. Ishida, K. Yamagiwa,
Performance evaluation of laboratory scale up-flow constructed
wetlands with different designs and emergent plants, Bioresour.
Technol., 101 (2010) 7239-7244.

L. Songliu, H. Hongying, S. Yingxue, Y. Jia, Effect of carbon
source on the denitrification in constructed wetlands, J. Environ.
Sci., 21 (2009) 1036-1043.

J.T. Watson, S.C. Reed, R.H. Kadlec, RL. Knight, A.E
Whitehouse, Performance Expectations and Loading Rates
for Constructed Wetlands, D.A Hammer, Ed., Constructed
Wetlands for Wastewater Treatment. Municipal, Industrial
and Agricultural, Lewis Publishers, Chelsea, Michigan, 1989,
pp. 319-358.

H. Wand, G. Vacca, P. Kuschk, M. Kruger, M. Kastner, Removal
of bacteria by filtration in planted and non-planted sand
columns, Water Res., 41 (2007) 159- 167.

C.A. Papadimitriou, A. Papatheodoulou, V. Takavakoglou,
A. Zdragas, P. Samaras, G.P. Sakellaropoulos, M. Lazaridou,
G. Zalidis, Investigation of protozoa as indicators of wastewater
treatment efficiency in constructed wetlands, Desalination,
250 (2010) 378-382.

O. Decamp, A. Warren, Investigation of Escherichia coli
removal in various designs of subsurface flow wetlands used
for wastewater treatment, Ecol. Eng., 14 (2000) 293-299.

J. Zhang, C. Feng, S. Hong, H. Hao, Y. Yang, Behaviour of solid
carbon sources for biological denitrification in groundwater
remediation, Water Sci. Technol., 65 (2012) 1696-1704.

T.T. Hien, H.D. Park, H.Y. Jo, S.T. Yun, N.T. Minh, Influence of
different substrates in wetland soils on denitrification, Water
Air Soil Pollut., 215 (2011) 549-560.

J. Fan, J. Zhang, W. Guo, S. Liang, H. Wu, Enhanced long-
term organics and nitrogen removal and associated microbial
community in intermittently aerated subsurface flow
constructed wetlands, Bioresour. Technol., 214 (2016) 871-875.



