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Abstract This research evaluates the effect of both

organic and ammonia loading rates and the presence of

plants on the removal of chemical oxygen demand and

ammonia nitrogen in horizontal subsurface flow con-

structed wetlands, 2 years after the start-up. Two sets of

experiments were carried out in two mesocosms at differ-

ent organic and ammonia loading rates (the loads were

doubled); one without plants (control bed), the other col-

onized with Phragmites australis. Regardless of the

organic loading rate, the organic mass removal rate was

improved in the presence of plants (93.4 % higher for the

lower loading rate, and 56 % higher for the higher loading

rate). Similar results were observed for the ammonia mass

removal rate (117 % higher for the lower loading rate, and

61.3 % higher for the higher loading rate). A significant

linear relationship was observed between the organic

loading rate and the respective removal rates in both beds

for loads between 10 and 13 g m-2 day-1. The presence of

plants markedly increase removal of organic matter and

ammonia, as a result of the role of roots and rhizomes in

providing oxygen for aerobic removal pathways, a higher

surface area for the adhesion and development of biofilm

and nitrogen uptake by roots.

Keywords Constructed wetlands � Lightweight expanded

clay aggregates � Loading rate � Nitrogen removal � Organic

matter removal � Phragmites australis � Subsurface flow

Introduction

Constructed wetland (CW) systems with reeds and hori-

zontal subsurface flow (HSFW) have been used for the

treatment of domestic wastewater, industrial effluents,

landfill leachate, polluted river water and stormwater run-

off, among others (Juang and Chen 2007; Vymazal and

Kropfelova 2008; Vymazal 2009; Albuquerque et al.

2009a; Randerson et al. 2010; Bialowiec et al. 2012a). The

main advantages of these systems include low costs of

construction, maintenance and operation in comparison

with activated sludge, anaerobic digestion or percolating

filters for the same population size and similar flow rates

and pollutant loads (Vymazal and Kropfelova 2008;

Kadlec and Wallace 2008). Therefore, nowadays there has

been an increase in their use for domestic and wastewater

treatment, as well as for advanced and polishing treatment

if water reuse is an option (Masi and Martinuzzib 2007;

Marecos do Monte and Albuquerque 2010; Pedrero et al.

2011a, b; Amado et al. 2012; Bialowiec et al. 2012a, b).
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Although plants are one of the most important compo-

nents of the wetland ecosystem, pollutant removal is also

accomplished through an integrated combination of bio-

logical, physical and chemical processes. The substrate and

the coupled microbial communities can remove a broad

range of undesired constituents (organics, nutrients, heavy

metals and solids) commonly found in wastewaters

(Vymazal and Kropfelova 2008; Lu and Huang 2010),

through mechanisms such as filtration, sedimentation,

biochemical pathways (e.g. aerobic respiration, nitrifica-

tion, denitrification, anaerobic respiration and other non-

conventional pathways), adsorption, precipitation, volatil-

isation and plant uptake (Paredes et al. 2007; Vymazal

2007, 2009; Kadlec and Wallace 2008).

HSFW beds are the most widely applied CW systems

due to the simple technology used, reliable operating

conditions and good potential to remove moderate loads of

organics, nitrogen, phosphorous and solids. Removal effi-

ciencies above 90 % are normally achieved for suspended

solids and organic matter [such as chemical oxygen

demand (COD)] and up to 50 % may be expected for

nitrogen (Vymazal 2007, 2009; Kadlec and Wallace 2008).

Light-expanded clay aggregates (LECA) can be used to

improve the treatment capacity since they present both

higher porosity and specific surface area, which allow a

better biofilm adhesion and require smaller bed areas than

the conventional gravel substrate (Albuquerque et al.

2009b; Bialowiec et al. 2011, 2012b).

The removal rates and performance of HSFW may vary

over time and space and are dependent on multiple factors

such as influent wastewater characteristics, hydraulic

loading rate (HLR), organic loading rate (OLR), nitrogen

loading rate (NLR), hydraulic residence time (HRT), bed

maturity, media size, bed depth, plant species, among

others (Stottmeister et al. 2003; Kadlec and Wallace 2008;

Albuquerque et al. 2009a; Vymazal 2009; Cheng et al.

2011; Bialowiec et al. 2012a, b). As with many other

natural wastewater treatment systems, pollutant removal

processes in a HSFW bed are affected by the variations of

OLR and NLR that may produce a quick change in the

removal rates of COD (rCOD) and ammonia nitrogen

(rNH4N) and this effect is not well studied for LECA-based

beds. Such changes are also dependent on the oxygen

transferred to the subsurface environment through roots or

direct nitrogen assimilation by plants (Vymazal and

Kropfelova 2008; Bialowiec et al. 2012a). Vegetation

presents a thermoregulatory effect (Kadlec and Wallace

2008; Brisson and Chazarenc 2009; Bialowiec et al. 2012b)

and this mechanism positively affects most biological

pathways. On the other hand, the growth and development

of roots and rhizomes provide surface for microbial

growth, which benefits most of the microbiological

removal pathways.

OLR, NLR, HLR and HRT are important variables for

the design and operation of HSFW. The removal efficien-

cies of organics, nitrogen and phosphorous depend on the

oxidation–reduction conditions, which are influenced by

several factors including the applied loads (Kadlec and

Wallace 2008; Albuquerque et al. 2009b; Lu and Huang

2010). If the pollutant loading rate exceeds the oxygen

transfer rate, the aerobic decomposition of organic matter

and the nitrification process may be inhibited. Therefore,

pollutant removal may be optimized by balancing the

pollutant loading rate and the oxygen transfer. In general,

low organic loads promote more oxidised conditions

and therefore a better performance than high loads. The

recommended loading rates range widely (Kadlec and

Wallace 2008; Vymazal and Kropfelova 2008), indicating

not only the inherent dynamics and variability in natural

treatment systems but also the need for a better under-

standing of removal processes and improved design

guidelines. Paredes et al. (2007) observed that NLR cor-

related strongly with effluent loading for ammonia nitrogen

(NH4-N); however, they also observed that NLR did not

correlate with rNH4N. Therefore, the influence of NLR on

final effluent nitrogen concentrations and removal rates is

yet unclear and not well known for LECA-based beds.

The inconsistency of the results found in studies with

HSFW for the removal of COD and NH4-N, as well as the

effect of vegetation for different loading conditions (Jing

et al. 2002; Akratos and Tsihrintzis 2007; Albuquerque

et al. 2009a; Brisson and Chazarenc 2009; Pedrero et al.

2011a; Amado et al. 2012) and the absence of studies for

LECA-based HSFW suggested the development of this

research work. Therefore, the aim of this work was to

evaluate the impact of reeds (Phragmites australis), OLR

and NLR on the removal of COD and NH4-N in LECA-

based beds under the same HLR, and was developed from

March 2009 to October 2010 at the Department of Civil

Engineering and Architecture of the University of Beira

Interior (Covilhã, Portugal).

Materials and methods

Experimental setup

Two HSFW with approximately 2 9 0.8 9 0.7 m (length 9

width 9 height) were run in parallel, one unplanted

(control bed), the other planted with reeds (Phragmites

australis). The effective surface areas were approximately

0.65 m2 and both beds were filled with LECA (Filtralite

NR aggregates with an effective diameter ranging from 4 to

8 mm, specific surface area of 1,250 m2 m-3 and void ratio

of 0.45). The planted bed was colonised two years before

the experiments (i.e. the plants were well developed during
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the experiments). The water table was fixed at 0.2 m. Three

sampling points (PI2, PI5 and PI8) were used inside each

bed to collect water samples for analytical measurements

as shown in Fig. 1, with the following lengths: PI2 (0.33 m

away from the inlet), PI5 (1 m away from the inlet) and PI8

(1.9 m away from the inlet). The inlet device was com-

posed by a perforated ‘‘T’’ tube connected to a peristaltic

pump (Ismatec MCP-CA4, Switzerland), which pumped

the feeding solution from a temperature-controlled storage

tank (ISCO FTD 220, Italy) to the beds.

Feeding solution

Synthetic wastewater was used in the experiments, which

included an organic carbon source (sodium acetate solu-

tion), a nitrogen source (ammonia chloride) and a mineral

source as used in Albuquerque et al. (2009b). All the

solutions were prepared as concentrated ones according

to the following composition: buffer solution [(8.50 g

KH2PO4 ? 21.75 g K2HPO4 ? 33.40 g Na2HPO4�7H2O ?

1.70 g NH4Cl) L-1], magnesium sulphate solution

[(22.50 g MgSO4�7H2O) L-1), calcium chloride solution

(36.43 g CaCl2�2H2O L-1), iron chloride solution (0.25 g

FeCl3�6H2O L-1), oligoelements solution [0.04 g MnSO4�
4H2O ? 0.06 g H3BO3 ? 0.04 g ZnSO2�7H2O ? 0.032 g

(NH4)6�Mo7O24�4H2O ? 0.0555 g EDTA ? 0.0445 g FeCl3�
6H2O) L-1], sodium acetate solution (113.4 g C2H3O2Na�
3H2O L-1, which gave 50 g COD L-1) and ammonia

chloride solution (76.41 g NH4Cl L-1, which gave

20 g N L-1). The desired concentrations of COD and

NH4-N for the experiments were obtained by diluting the

concentrated solutions of sodium acetate and ammonia

chloride. The feeding solution was kept in the storage tank

(72 L) at constant temperature (4 ± 0.2 �C) and was

changed each 3 days.

Operating conditions

The mesocosms were continuously fed during 50 days

(8 weeks) for a flow rate of 1 L h-1 (HLR of approxi-

mately 3.6 cm day-1, which corresponded to an HRT of

approximately 6 days divided by the effective bed vol-

ume). Two sets of experiments were carried out: Phase I at

COD concentrations of *300 mg L-1 (OLR *10 g

COD m-2 day-1) and NH4-N concentrations of

*30 mg L-1 (NLR *1 g NH4-N m-2 day-1), followed

by Phase II at COD concentrations of *500 mg L-1 (OLR

*20 g COD m-2 day-1) and NH4-N concentrations of

*50 mg L-1 (NLR *2 g NH4-N m-2 day-1). In any

case, the COD/N ratio was *10 (corresponding to a C/N

ratio of *4). Weekly water samples were collected from

the influent and at the sampling points PI2, PI5 and PI8 (the

samples from PI8 were considered as effluent samples,

since it was located close to the discharge point as also

admitted in Albuquerque et al. (2009b)) to analyse the

temperature, pH, dissolved oxygen (DO), COD, NH4-N,

nitrite nitrogen (NO2-N) and nitrate nitrogen (NO3-N). The

temperature in the room was 20 ± 0.4 �C.

Analytical methods

The measurements of temperature, pH and DO were car-

ried out through probes Sentix 41 and CellOx 325 con-

nected to a Multi 340i meter (WTW, Germany). The COD

was evaluated by closed reflux digestion and using titri-

metric method (APHA-AWWA-WEF 1999). Concentra-

tions of NH4-N, NO2-N and NO3-N were obtained using

the cuvette-tests LCK 302 (47–130 mg NH4-N L-1), LCK

303 (2–47 mg NH4-N L-1), LCK 342 (0.6–6 mg NO2-

N L-1), LCK 339 (0.23–13.5 mg NO3-N L-1) and LCK

340 (5–35 mg NO3-N L-1), following the standards DIN

38406-E 5-1 (ammonia), DIN 38405 D10 (nitrite) and DIN

38405-9 (nitrate), and the CADAS 50 spectrophotometer

UV–Vis (HACH LANGE, Germany).

Statistical analysis was executed through one-way

ANOVA (analysis of variance), considering a significance

level of P \ 0.05. The mass removal rates (in g m-2 day-1)

were calculated through the difference of concentrations in

the influent and the effluent (point PI8) times the flow-rate

divided by the effective area.

Results and discussion

The results of the experiments for each bed are shown in

Table 1.

Temperature, pH and dissolved oxygen

The temperature profiles show a slight increase along the

beds for all the experiments, but no significant (P [ 0.05)

differences were noticed for the planted and unplanted

beds. The temperature increase along the bed was probably

caused by the increase of microbial activity related to

biodegradation processes. Therefore, the effect of the

temperature on the removal of COD or N was neglected.

The average influent pH was *7.2, increasing approx-

imately by one unit in the effluent in all the experiments.

Considering that the acetate oxidation produces alkalinity

and that the ammonia oxidation through nitrification con-

sumes alkalinity, the alkalinity production due to acetate

oxidation was greater than its consumption by nitrification.

There was no detection of nitrate or nitrite at the sampling

points, even if the oxidation of ammonia occurred in both

beds for the different loads. Therefore, simultaneous

reduction of nitrate and nitrite through denitrification has

Int. J. Environ. Sci. Technol. (2013) 10:433–442 435
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occurred in all the sections and could have also contributed

to the pH increase, since this process produces alkalinity as

also observed in Bialowiec et al. (2011, 2012a).

The average effluent pH decreased with the increase of

the NLR, which may be explained by the increase on

nitrification as also observed in a previous study with the

same laboratory mesocosm (Albuquerque et al. 2009b).

The values observed in this study are, however, within the

recommended range of values (4.0 \ pH \ 9.5) that allow

a good activity of heterotrophic bacteria, denitrifiers and

autotrophic nitrifiers (Kadlec and Wallace 2008).

The average DO also decreased along the beds in all the

experiments, with a drop to *0.5 mg L-1 in the first

measuring point (PI2), remaining close to zero in the other

measuring points (PI5 and PI8) in both the beds. This fast

drop of DO immediately after the feeding point is

explained by the aerobic removal of COD and NH4-N

(nitrification) in the first section of the beds (inlet-PI2) due

to high oxygen demand.

Effect of loadings and plants on COD removal

COD concentrations decreased along both planted and

unplanted beds, with a bigger drop in the first section

(inlet-PI2), and then continued to decrease slowly until the

last sampling point (PI8). The planted bed showed higher

removal than the unplanted bed, which was statistically

very significant (P \ 0.05). For the lower OLR (Phase I)

the maximum COD removal efficiency (RE) was 87.6 %,

whilst for the higher OLR (Phase II) the maximum value

was 96.2 %, in both cases for the planted bed.

For the lower OLR, after 3 weeks of operation period the

steady-state conditions were observed at the unplanted bed

with an average RE of 39.5 % for COD (the average RE for

all the experiments was 38.5 %). On the contrary, COD

removal in the planted bed showed more variability, with

average RE of 72.6 % in the first 2 weeks, 57 % after

4 weeks and 73.9 % for the overall experiments. For the

higher OLR, a similar trend was observed for both beds with

the effluent COD concentrations stabilizing after 2 weeks

for the unplanted bed (the average RE for all the experiments

was 44.4 %) and increasing over in time for the planted bed

(the average RE for all the experiments was 75.4 %). The

fluctuation in COD removal in the planted bed would mean

that the development of plants and roots over time affected

the bed dynamics, which influenced organic matter removal.

The lower RE observed in the unplanted bed was

probably due to the lower availability of oxygen, which is

Fig. 1 Laboratory set-up
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necessary for the microbial degradation of organics. The

difference in COD removal observed in both beds is con-

sistent with some works developed in HSFW, which have

pointed out that plants may play an important role in the

removal of organics (e.g. Tanner 2001; Kadlec and

Wallace 2008; Albuquerque et al. 2009b), but inconsistent

with others where it was detected the interference of

organic exudates (released by roots) on COD removal (e.g.

Hunter et al. 2001; Bialowiec et al. 2012a). The results for

the planted bed (L2) are within the range of the values

found for COD removal (70–90 %) in LECA-based HSFW

working under similar operating conditions (van Deun and

van Dyck 2008; Albuquerque et al. 2009b; Bialowiec et al.

2012b).

At the lower OLR the average mass removal rate

for COD (rCOD) was lower in the unplanted bed

(4.6 g m-2 day-1), increasing to 8.9 g m-2 day-1 in the

planted bed (93.4 % more) as shown in Fig. 2a). At

the higher OLR, the average rCOD ranged from

8.4 g m-2 day-1 (unplanted bed) to 13.1 g m-2 day-1

(planted bed), i.e. 56 % more (Fig. 2b). Removal rates

normally increased as the OLR increased with a maximum

value of 16.3 g COD m-2 day-1 for the maximum OLR

(19.8 g COD m-2 day-1). Vymazal and Kropfelova

(2008) reports average rCOD in gravel-based HSFW of

8.5 g COD m-2 day-1, which equals the average value

observed in this study for the planted bed at low OLR and

for the unplanted bed at the higher OLR. Therefore,

regardless both the presence of vegetation and the OLR,

Filtralite aggregates seem to improve the removal of

organic matter in comparison with gravel aggregates.

Regardless of the OLR, for the unplanted bed, more than

75 % of the COD was removed in the first section (influ-

ent-PI2), whilst for the planted bed the removal of COD

was better distributed along its length (42.5–50.3 % in

section influent-PI2, 22 %–30.4 % in section PI2–PI5 and

19.3–35.5 % in section PI5–PI8). In the first section, COD

removal seems to have been associated mainly with the

aerobic oxidation of acetate carried out by a heterotrophic

biofilm since DO concentrations were higher and organic

carbon was mainly soluble (acetate). In the remaining

sections (PI2–PI5 and PI5–PI8), since the bed was oxygen-

limited, COD removal was associated with the oxidation of

acetate and other organic material released by roots (exu-

dates) through anaerobic pathways (fermentation and

denitrification), and also due to aerobic oxidation in the

rhizosphere where oxygen was released by roots. rCOD

showed a positive linear correlation with the lower OLR

for the unplanted (R2 = 0.93) and planted (R2 = 0.93)

beds (Fig. 3) with statistical significance (P \ 0.05), but no

significant linear correlation was found for the higher OLR

(R2 \ 0.19 in both beds) and, therefore, these data are not

shown as a figure. Therefore, regardless of the presence of

plants, COD loads influence the respective removal rates,

for OLR from 10 to 13 g COD m-2 day-1.

It seems that planted HSFW improved COD removal

due to the combination of mechanisms favoured by plant

growth. The growth of rhizomes and roots provides a large

surface area and medium for microbial attachment and

growth, thus increasing the removal of COD through

microbiological pathways. It is also recognized that plants

have been linked to the strong redox gradients by releasing

oxygen from their roots into the rhizosphere and thereby

stimulating aerobic decomposition and growth of nitrifying

bacteria (Randerson et al. 2010; Bialowiec et al. 2011,

2012a).

Therefore, high OLR seem to favour the activity of

heterotrophic microorganism and consequently increase

COD removal, because at high OLR more organic sub-

strates were supplied, which resulted in high heterotrophic

production rates as also observed in the work of Wendong

et al. (2007).
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Fig. 2 COD removal rates over time for the lower OLR (a) and

higher OLR (b) in the planted and unplanted beds
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Effect of loadings and plants on NH4-N removal

The planted bed presented low effluent NH4-N concentra-

tions, suggesting that plants significantly increased the

removal of ammonia. When the NLR was doubled (Phase

II), the NH4-N concentrations in the effluent also increased

in both beds. Nitrite and nitrate were not detected in both

phases (see Table 1). This circumstance suggests that all

nitrate and nitrite formed through nitrification were

removed either by denitrification in anoxic zones or were

taken up by plants, as were also observed by Albuquerque

et al. (2009b) and Bialowiec et al. (2012b).

For the lower NLR, NH4-N concentrations slightly

decreased along the unplanted bed with overall RE of

23.8 % after 2 weeks, 37.5 % after 4 weeks and 38.2 %

after 8 weeks. On the contrary, NH4-N removal in the

planted bed showed a high variability with a RE of 79.4 %

in the first 2 weeks, 43 % after 4 weeks and an average of

59.3 % for the overall experiments. This fluctuation in

ammonia removal could be explained by the variation of

DO in the rhizosphere, but also due to organic exudates by

roots, which normally include organic nitrogen (Pinton

et al. 2007; Bialowiec et al. 2012a). Organic nitrogen may

be hydrolysed to ammonia, thus increasing the concentra-

tions of this inorganic nitrogen form in the rhizosphere.

Therefore, the oxidation of ammonia occurred faster when

the ionized form was available and increased again after a

few days due to the hydrolysis of organic nitrogen com-

pounds, presumably released by the plants as observed in

the studies of Bialowiec et al. (2012a, b). Similar results

were observed for the higher NLR. NH4-N loss by vola-

tilization was negligible, since only occurred at pH above 9

(Kadlec and Wallace 2008).

For the unplanted bed the average RE was 33.9 and

33 % for the lower and the higher NLR, respectively,

whilst for the planted bed the average RE was higher (59.3

and 47.8 %, respectively). These last values are higher than

those found in planted mesocosms operating under similar

conditions, which reported RE between 30 and 54 %

(Hunter et al. 2001; Sun and Austin 2007; Cheng et al.

2011). However, Mander et al. (2000) found high varia-

tions in ammonia RE (12–85 %) for planted HSFW, sug-

gesting that there is a higher density and activity of

nitrifying biomass in the planted systems as also observed

by Stecher and Weaver (2003).

The planted bed showed significantly higher ammonia

mass removal (rNH4
) than the unplanted bed as shown in

Fig. 4. The average of rNH4
in the unplanted bed was 0.35 g

NH4-N m-2 day-1, increasing to 0.76 g NH4-N m-2

day-1 in the planted bed for the lower NLR. For the higher

NLR the increase was from 0.62 g NH4-N m-2 day-1 to

1 g N m-2 day-1. The removal rates observed in the

planted bed are lower than the ones found by Vilpas et al.

(2005) in pilot beds treating domestic wastewater, between

1.8 and 6.1 g N-NH4 m-2 day-1, but higher than the rates

observed by Kuschk et al. (2003) and Scholz (2006)

in wetland mesocosms (0.26–0.6 g N-NH4 m-2 day-1 and

0.23 g N-NH4 m-2 day-1, respectively).

Plants also have an important role in releasing oxygen

into the rhizosphere, therefore promoting the development

of nitrifiers and aiding in nitrification. Some studies indi-

cate that an aerobic microzone could be present very close

to the root surfaces (Armstrong and Armstrong 2005;

Bialowiec et al. 2011), enhancing aerobic microbial

mechanisms that contribute to organic and ammonia oxi-

dation, which may be a significant contribution to the

overall removal of those compounds. Although it was

already proved that reeds oxygenate microsites close to the

roots (Armstrong and Armstrong 2005), making the DO

available for rapid microbial uptake in these areas, there is

still insufficient surplus oxygen to oxygenate the remainder

of the bed. In fact, the average DO concentration within the

two beds and at the outlet was always lower than

0.5 mg L-1, indicating the prevalence of anaerobic/anoxic

conditions, which are characteristics of these beds.

When compared to organic matter, ammonia is more

difficult to remove as nitrifiers are autotrophic microorgan-

isms that have a slow respiration rate and stoichiometrically

require 4.57 mg per mg NH4-N removed (full nitrification)

and 1.71 mg per mg NH4-N removed (partial nitrification)

(Paredes et al. 2007; Kadlec and Wallace 2008). However,

Sun et al. (2003) reported that the reduction of ammonia in a

down flow reed bed was not balanced by increases in nitrite

and nitrate contents in the influent.

When observing the DO measured at the inlet point and

the ammonia removed throughout the bed in all experiments

it seems that there was not enough oxygen to justify the

removal either by full nitrification (oxidation to nitrate) or

partial nitrification (oxidation to nitrite). An oxygen balance

based on the stoichiometric factors referred above shows

Fig. 3 Relationship between OLR and rCOD in unplanted and

planted beds for the lower load (Phase I)
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that the ammonia removed in both phases in both beds

cannot be solely explained by nitrification since it results in

a deficit of oxygen. The values are so high that they cannot

be explained by additional atmospheric oxygen diffusion

into the bed. It seems, therefore, unlikely that there was

sufficient oxygen flux to drive the apparent ammonia

removal rates observed in the bed through conventional

nitrification. In other words, it can be assumed that other

non-conventional ammonia removal pathways may have

been present. The adsorption of ammonia, nitrite and nitrate

in the LECA could also be neglected as proved before

through batch adsorption tests (Albuquerque et al. 2009b).

Nitrogen removal in CW has mostly been assumed to be

a result of the combination of nitrification–denitrification,

plant uptake, assimilation by biomass, precipitation and

sedimentation (Vymazal 2007; Kadlec and Wallace 2008).

However, newly discovered pathways such as anaerobic

ammonia oxidation and heterotrophic nitrification (Paredes

et al. 2007) could have potential significance in its loss as

observed in the works of Sun and Austin (2007), Tao and

Wang (2009) and Albuquerque et al. (2009b). Therefore,

the loss of ammonia might be a result of a combination of

different processes, including conventional and non-con-

ventional pathways of the nitrogen cycle as also observed

in other anaerobic biofilm reactors (Paredes et al. 2007;

Albuquerque et al. 2009c).

Regardless of the presence of plants and the variation in

NLR, a significant linear correlation between NLR and rNH4

(R2 \ 0.25 and P [ 0.05) was not observed . Therefore, it

seems that the NLR was not influenced by the respective

removal rates for loads between 1 and 2 g NH4-N m-2 day-1.

Therefore, the presence of plants and the increase in both

OLR (from *10 to *21 g COD m-2 day-1) and NLR

(from 1 to 2 g NH4-N m-2 day-1) had a significant impact

on the removal of COD and NH4-N as shown in Fig. 5.

Phragmites australis requires nutrients for growth and

reproduction and ammonia uptake can range between 0.03

and 0.16 g m-2 day-1 (Vymazal and Kropfelova 2008),

which means a 10–15 % contribution to ammonia removal

(Vymazal 2007; Kadlec and Wallace 2008). On the other

hand, as roots and rhizomes get more developed, the surface

area occupied by nitrifying biofilm also increases.
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Fig. 4 NH4-N removal rates over time for the lower NLR (a) and

higher NLR (b) in the planted and unplanted beds
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Conclusion

Data from planted and unplanted HSFW suggest that

regardless of the applied loads the presence of plants pro-

vides a higher removal of COD and NH4-N. COD removal

was influenced by OLR between 10 and 13 m-2 day-1, but

no linear relationship was found for higher OLR, ors for

nitrogen. LECA is a very suitable material for CW tech-

nology since its both higher porosity and specific surface

area allow the fast growth of plants, as well as rapid

adhesion and development of biofilm.
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