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Analysis of constructed wetland performance

for irrigation reuse

Helena Marecos do Monte and Antonio Albuquerque

ABSTRACT

Most of the wastewater treatment systems in small rural communities of the Cova da Beira
region (Portugal) consist of constructed wetlands (CW) with horizontal subsurface flow (HSSF).

It is believed that those systems allow the compliance of discharge standards as well as the
production of final effluents with suitability for reuse. Results obtained in a nine-month campaign
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in an HSSF bed pointed out that COD and TSS removal were lower than expected. A discrete

sampling also showed that removal of TC, FC and HE was not enough to fulfill international
irrigation goals. However, the bed had a very good response to variation of incoming
nitrogen loads presenting high removal of nitrogen forms. A good correlation between mass
load and mass removal rate was observed for BODs, COD, TN, NH4-N, TP and TSS, which
shows a satisfactory response of the bed to the variable incoming loads. The entrance of
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excessive loads of organic matter and solids contributed for the decrease of the effective volume

for pollutant uptake and therefore, may have negatively influenced the treatment capability.

Primary treatment should be improved in order to decrease the variation of incoming organic

and solid loads and to improve the removal of COD, solids and pathogenic. The final effluent

presented good physical-chemical quality to be reused for irrigation, which is the most likely

application in the area.
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INTRODUCTION

Although the provision of wastewater treatment plants
(WWTP) is indispensable for water pollution control, in
the light of the Water Framework Directive (2000/60/EC,
WEFD) and the recommendations of the World Water
Assessment Programme (UNESCO 2009), the implemen-
tation of methodologies for integrated water management
is strongly suggested. Solutions for low cost sewage
treatment and selective reuse of treated effluents will
constitute one of the great challenges in the water and
sanitation sector over the next two decades.

Approximately 60% of the population of the Cova da
Beira region lives in rural agglomerates with less than 2,000
inhabitants. The main activities are agriculture, tourism and
small agro-industries. The WWTP are mostly based on
doi: 10.2166/wst.2010.063

constructed wetlands (CW) with horizontal subsurface flow
(HSSF), which are sized based on international design
criteria and experience (EPA 1999; Kadlec et al. 2000;
Vymazal 2003): 3 to 6m?/p.e. (as specific surface area,
SSA), 2 to 12gBODsm 2d™! and 5 to 20gCOD/m?d
(both as organic loading rate, OLR), 5 to 12gTSS/m?d (as
solids loading rate, SLR), 2 to 20 cm/d (as hydraulic loading
rate, HLR) and 5 to 14 d (as hydraulic retention time, HRT).
The German guideline ATV-A 262E (1998) suggests
maximum allowable influent concentration of COD and
TSS of 400 mg/L and 100 mg/L, respectively, organic loading
rate and solids loading rate not greater than 16 g COD/m?d
and 6gTSS/m?d respectively and a hydraulic loading rate
lower than 4 cm/d, in order to minimize bed clogging.
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The Cova da Beira region is covered by an Irrigation
Plan and there are several golf courses projects. Therefore,
the mainly reuse opportunities would be for irrigation of
public parks and lawns, landscape and golf courses, which
often means offsetting potable water for non-potable
purposes and maximizing the efficiency of reuse projects.
However, these applications may require a polished effluent
in terms of nutrients, organic matter and microorganism
content. The selection of reuse options should be made
based on a rational basis taking into account aspects such
as variability of the quality over time, reuse guidelines
and regulations, climate changes, technical requirements
for WWTP upgrade and reuse projects cost-effectiveness.

Nutrients in treated wastewater may be valuable for
crop production. However, pathogens are the most critical
hazards to the public health, especially for options with
direct contact with people. In addition to the socio-
economic benefit associated to multiple wastewater reuse
activities an important environmental benefit comes from
the reduction of residual pollutant load discharged into
water streams, especially in areas with serious water
shortage as the Beira Interior region.

CW are considered economically and environmentally
sustainable solutions without entailing excessive operation
and maintenance costs (Kadlec et al. 2000; Korkusuz 2005;
Vymazal & Kropfelova 2008). It is expectable that CW can
fulfill the discharge standards set in the Urban Wastewater
Treatment Directive (91/271/EEC) as well as the require-
ments for reuse established in several publications (EPA
2004; Bixio & Wintgens 2006; Asano et al. 2007; Marecos do
Monte & Albuquerque 2009) and in the Portuguese
standard NP 4434 (IPQ 2005). HSSF beds have been
implemented in several wastewater reuse schemes world-
wide as polishing step for conventional wastewater treat-
ment (Ghermandi et al. 2007). Vymazal & Kropfelova
(2008) reported that N removal in most CW is low (up to
50%) when compared to organics, solids and coliforms (up
to 95%). Most of the systems in the Cova da Beira region are
located in areas with many small agro-industries and are
subject to transient hydraulic, organic, nitrogen and solids
loads (as observed by Albuquerque et al. 2009a), which may
affect both the treatment capability and reuse options.

A research project (EVAWET) launched in 2007 aims
to evaluate both the performance of HSSF beds located in

small rural communities of Cova da Beira region and the
suitability for reuse of the treated effluents. Therefore, the
main objective of this paper is to present the results of a
monitoring campaign undertaken in a HSSF bed and to
analyse the bed performance for pollutant removal under
transient conditions of hydraulic, organic, nitrogen and
solid loads as well as the suitability of the treated effluent for
irrigation reuse.

EXPERIMENTS

The monitored WWTP was designed for 800 p.e. The flow
treatment includes a bar track and a sand channel followed
by an Imhoff tank and two parallel HSSF beds. Each bed
has 50 x 15.5 X 1m (length, width and total depth), a total
area of 773m? and was colonized with Phragmites
australis. The media bed was composed of gravel (0.95m)
and the water during the monitoring period was 0.65 m. The
beds were designed for flow rates from 45 to 90 m®/d, HLR
from 7 to 15cm/d, HRT from 4.5 to 9d, SSA from
2.5m?/p.e., BODs from 200 to 350 mg/L (maximum OLR
of 15gBODs/m?d) and COD from 300 to 500mg/L
(maximum OLR of 22gCOD/m?d).

A nine-month monitoring campaign was set up in one
of the beds (March to December 2007) including the
measurement of flow-rate (inflow and outflow of the bed)
and the collection of monthly samples (a single sampling
approximately at the same day and hour) at the influent and
effluent of the bed to determine the pH, temperature,
dissolved oxygen (DO), BODs, total and soluble COD
(CODt and CODs), total nitrogen (TN), ammonium-
nitrogen (NH,4-N), nitrite-nitrogen (NO,-N), nitrate-nitrogen
(NOs-N), total phosphorus (TP), total suspended solids
(TSS), total dissolved solids (TDS) and volatile suspended
solids (VSS). A discrete sampling (only one water sample at
the influent and effluent) was made in order to have
indicative values for parameters (total coliforms (TC), faecal
coliforms (FC), helminth eggs (EH), chloride, bromates,
calcium, potassium and sodium) that are reported by some
authors (Metcalf & Eddy 2003; Asano et al. 2007) for
irrigation reuse.

The DO, pH and temperature were carried out directly
using a multiparametric WTW Multi 340i. The CODt and
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CODs (after sample filtration with Chromafil GF/PET
0.45 pm filters) were determined with cuvette tests LCK
314 (15-150mg/L) and LCK 514 (100-2,000mg/L),
following DIN 38049-4, and a CADAS 50 Lange spec-
trometer. Ammonium and nitrate were obtained using
the cuvette tests LCK 303 (2-47mg/L) and LCK 339
(0.23-13.50mg/L), following the standards DIN 38406-E
5-1 and DIN 38402-A51, TP with LCK 350 (2-20 mg/L)
and the same spectrometer. TSS, TDS and VSS were
determined according to APHA (1998). TC, FC, EH,
chloride, bromates, calcium, potassium and sodium were
analyzed in a external qualified laboratory following APHA
(1998). The results were treated with the SPSS statistical
software (SPSS Inc., Chicago, USA).

RESULTS AND DISCUSSION

The results of the monitoring campaign are presented in
Table 1. No nitrite was detected in the samples.

A statistical analysis on the results showed coefficients
of variation (CV) for BODs, COD, TN, NH,4-N, TDS and
TSS of 38%, 30%, 26%, 28%, 33% and 19% in the HSSF
influent, indicating a significant fluctuation of its charac-
teristics over time. The influent flow-rate showed also a

Table 1 | Operation conditions at the HSSF bed

Parameter Influent Effluent
Flow-rate (m>/d) 35+ 4 21 +2
pH 6.4-7.0 7.0-7.4
Water temperature (°C) 192 20+ 2
DO (mg/L) 1.0 0.2 1.2 +0.3
BODs5 (mg/L) 286 = 16 15+t4
CODt (mg/L) 344 + 44 110 = 15
CODs (mg/L) 185 = 27 38 =16
TN (mg/L) 38+5 9+3
NH4-N (mg/L) 33+3 7+3
NOs3-N (mg/L) 1.5*+06 0.7 £0.1
TP (mg/L) 7+1 3x1
TSS (mg/L) 116 = 20 34 =10
TDS (mg/L) 790 £ 55 225 + 23

Note: average values and confidence interval (calculated for a confidence level of 95%
and 10 measured values).

significant variation (CV of 45%). Therefore, the Imhoff
tank had no significant effect to stabilize the transient
incoming loads.

The influent and effluent concentrations of BOD5 and
COD were unstable over time with maximum values of
506 mg BODs/L and 677mgCOD/L (influent) and
187 mg BODs/L and 222 mg COD/L (effluent). The average
removal efficiencies were 94.8% for BODs and 68% for
COD. A significant variation of the TN and NH4-N
concentrations was also observed for the influent (highest
values of 54.8 mg/L and 52.1 mg/L, respectively) and final
effluent (highest values of 16.8mg/L and 13.6mg/L,
respectively). The average removal efficiencies were 76.3%
for TN and 78.8% for NH4-N. TP average removal only
reached 42.8%, which is good for HSSF beds (Kadlec et al.
2000; Vymazal & Kropfelova 2008).

The influent concentrations of TSS and TDS also
changed significantly in the influent (highest values of
165mg/L and 1,030 mg/L, respectively) but the removal
efficiency was quite similar (70.7% for TSS and 71.5% for
TDS). COD and TSS removal efficiencies were low
compared with other studies (Table 2).

Generally, the final effluent presents characteristics
which fulfill the limits set in the 91/271/EEC Directive.
Only COD effluent concentrations exceeded the limit of
the Directive (125mg/L) in 2 samples. The bed was DO
limited over time (<2mg/L) which is characteristic of
HSSF beds (EPA 1999; Kadlec et al. 2000; Vymazal &
Kropfelova 2008; Albuquerque et al. 2009a). The high
water temperature values are helpful for organic carbon
and nitrogen removal since the kinetics are improved
by temperature.

The physical - chemical results presented in Table 1 also
show that the characteristics of the final effluent suggest his
use for irrigation since it fulfills the goals set by several
authors and organizations (Metcalf & Eddy 2003; EPA 2004;
Bixio & Wintgens 2006; Asano et al. 2007; Marecos do Monte
& Albuquerque 2009): 6.5 to 8.4 (pH), 35 to 60 mg/L (TSS),
450 to 640 mg/L (TDS), 5mg/L (NOs-N) and 3 mg/L (TP).
However, data on microbiological quality is necessary
before this suggestion may turn into a conclusion, because
the analysis to the only water sample used for inorganic
and pathogenic evaluation showed the following removal
efficiencies: chloride (16.4%), bromates (75%), calcium
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Table 2 | Comparison of operating conditions and removal efficiencies in this study (a) and in other international similar systems ((b) to (e))

Operating conditions

Removal efficiency (%)

OLR (gCOD/m?d) HLR (cm/d) HRT (d) SSA (m?/p.e.) coD TN NH,-N TSS Reference
9.4-223 85-13.8 4.8-9 25 68 76.3 78.8 70.7 Portugal”
26.4-52.7 7.3-14.9 25-5 - 64.2 - 55.1 90.4 Israel®
22-34.1 14.0-15.6 3-43 1.2 94 60 85 84 Italy*
18.4-54.5 18 3 1 43 - 25 73 Spain®
38.1 3.6 5 23 78 35 226 78 Egypt!

“This study case.

TAvsara et al. (2007).

*Masi & Martinuzzib (2007).
$0sorio (2006).

IEl-Khateeb & El-Gohary (2003).

(no removal), potassium (18.2%), sodium (15.8%), TC
(72.2%), FC (80.4%) and EH (16.7%). The effluent concen-
trations of inorganic parameters are below the limits set for
irrigation by Metcalf & Eddy (2003), EPA (2004) and Asano
et al. (2007). However, the values of TC (1 x 10° NMP/
100mL), TC (5.5 X 10°NMP/100 mL) and HE (120 NMP/
100mL) at the effluent are high and a final disinfection
would be required prior to its use in irrigation.

It seems that there is a relationship between the low
removal of COD and the low removal of TSS and TDS.
Approximately 46% of the HSSF influent CODt was in
particulate phase while 65.4% was observed in the effluent,
which indicates that a considerable amount of slowly
biodegradable organic matter and inert matter, mainly as
TSS, were not removed in the wetland bed (only 54.7% of
the CODp was removed whilst the removal of CODt and
CODs was 68% and 79.5%, respectively). The ratio of
VSS/TSS in the HSSF effluent was equal to 0.48, which
could indicate a low degree of effluent mineralization and
the presence of considerable organic matter content. The
occurrence of a large amount of particulate hardly
degradable organic matter is probably due to significant
discharge of agro-industrial effluents into the sewer net-
work as also observed by Albuquerque ef al. (2009a) in a
shorter monitoring campaign carried out in the same
region. The low removal of TDS also means that a
significant content of slowly biodegradable soluble organic
matter was present in the effluent.

Although a significant variability of TN and NH,4-N
over time was observed in the inlet, the removal efficiency
of both nitrogen forms was higher than the ones observed in

international studies with HSSF bed operated in compar-
able conditions (Table 2). The effluent concentrations
of TN were always below the limit set for discharge in the
91/271/EEC Directive (15 mg/L) and the bed outperformed
the minimum removal efficiency required (70%).

The bed also gave a good response to nitrate
fluctuations. Given the high ammonia removal in the bed
and the DO limitation to carry out full nitrification it can
be speculate that other mechanisms would have contri-
buted for ammonia removal, namely plant uptake (can
remove up to 20%, Vymazal 2003; Vymazal & Kropfelova
2008), sedimentation and filtration and non-conventional
removal pathways as referred by Paredes et al. (2007) and
observed in the studies of Dong & Sun (2007) and
Albuquerque et al. (2009b). However, most of them must
have been oxidized to nitrate and the low concentration
detected in the final effluent may indicate that this
compound was rapidly removed through mechanisms
such as denitrification.

The areal mass removal rates (in g/m?d) were
calculated for BODs, COD, TN, NH4-N, TP, TDS and
TSS based on the influent and effluent concentrations, the
influent and effluent flow rates and the total area of the
bed. A significant linear correlation was observed between
incoming mass load and the respective mass removal rates
(rBoDs), T(cOD), T(TN), T(NH, Ny, T(rp), T(1ss) and 7erps)) for six
parameters, in particular for BODs (R?=0.99), COD
(R2=0.92), TN (R%2=0.74) and NH4,-N (R?=0.67) as
shown in Figure 1.

The average 7(cop) (10gCOD/m?d) and rrss)
(4.1gTSS/m?d) found in this study are lower than the
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Figure 1 \ Relationship between OLR and rgop,, and ricop) (@) and between NLR and rirny and rivg, -, (b).

ones observed in similar systems in other countries: 17.1g
COD/m?d and 7.9gTSS/m?d (Avsara et al. 2007),
23.7gCOD/m?d and 7.8gTSS/m?d (Osorio 2006), and
20.4gCOD/m?d and 6.4gTSS/m?>d (El-Khateeb &
El-Gohary 2003). However, they are still in the range
of the world-wide experience (10-25gCOD/m?d and
0.5-10gTSS/m?d according to EPA (1999), Kadlec et al.
(2000), Vymazal (2003) and Korkusuz (2005)). The lower
values are associated to the presence of large amount of
particulate organic matter in the influent to the HSSF bed.

Although the HSSF bed presents a SSA and a HRT
similar to values found in similar systems (Table 2), it
seems that they were not sufficient for a good COD
removal due to the transient incoming organic loads. The
observed HLR, HRT, OLR and average COD were in the
range of the design criteria used to size the bed, however,
there were detected peaks of COD higher than 500 mg/L
(higher value than the considered in the wetland bed
design), which increase the risk of bed clogging. Never-
theless, during the warmer months (June to September) the
results showed that the SSA of 2.5m?/p.e. seems to have
been sufficient to comply with the minimum treatment
requirements. In other words, the HSSF bed itself seems to
have been properly sized for the loads admitted in the
project design but the previous treatment appears to not be
appropriate to deal with transient loads (especially of
organic matter and solids).

Some ponding was observed in the bed, mainly at
the inlet corners, which would mean the occurrence of
clogging as a result of the variability of the wastewater
characteristics and the excess of suspended solid matter as
also observed by Albuquerque et al. (2009a). The applied

OLR (9.4 to 22.3gCOD/m?d) is higher than the values
suggested in the literature (5 to 20g COD/m?d), as well as
to the limit value for avoiding bed clogging pointed out in
the Germany standard ATV-A 262E (1998) (less than
16gCOD/m?d). Although the average solids loading rate
(4.2gTSS/m?d) was lower than the one recommended for
avoiding bed clogging (6 gTSS/m?d, according to ATV-A
262E (1998) and EPA (1999)), the average influent
concentration of TSS (118.6mg/L) was greater than the
maximum suggested for clogging prevention by both
authors (100 mg/L).

The clogged areas of the bed close the entrance may be
a factor contributing for the decrease of TSS and COD
removals since the effective area for organic matter uptake
and the filterability capability were reduced. Therefore,
HSSF beds subject to transient high loads should be
designed for higher OLR and SLR and the inclusion of
advanced primary treatment systems (e.g. filter screens or
high-rate clarification) should be considered, in order to
reduce the amount of CODp and TSS to the beds. This
change would also improved the removal efficiency of
pathogenic since will allow a larger area for filtration.

The final characteristics of the treated effluent (Table 1)
allow its reuse in irrigation activities (EPA 2004; Bixio &
Wintgens 2006; Asano et al. 2007, Marecos do Monte &
Albuquerque 2009), particularly for the irrigation of crop
cultures and golf courses in Cova da Beira. The content of
organic matter and nutrients of the effluent is proper for
irrigation in those activities, although it is necessary to
include additional analysis of turbidity and heavy metals
and to increase the sampling for cations (chloride, bromates,
calcium, potassium and sodium) and microbiological
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parameters (TC, FC, EH), especially if irrigation of
agricultural crops for direct consumption is considered.
The low nitrate concentrations detected in the effluent
(<5mg/L), in contrast to what is observed in other
treatment systems, is suitable for irrigation and constitutes
a very low risk for groundwater contamination.

The reuse of treated effluents from HSSF CW may
brings important advantages such as the production of
water suitable for irrigation, the reduction of residual
pollution loads discharged in water streams and the
reduction of water abstraction volumes for irrigation,
which constitute important environmental and economics
benefits, especially in areas with serious water shortage as
the Beira Interior region.

Accordingly, the use of CW for wastewater treatment
in rural areas of Cova da Beira seems to be a very
advantageous practice for both the removal of transient
pollutant loads and the production of final effluents for
irrigation, which are in accordance with the objectives for
water quality protection defined in the WFD.

CONCLUSIONS

The results of the monitoring campaign highlight that the
HSSF constructed wetland of the Cova da Beira region can
effectively represent a feasible solution for simultaneous
secondary/tertiary treatment of rural effluents with signifi-
cant fluctuations in incoming flow rate, organic mater,
nitrogen and solid mater. The removal of COD and TSS
were lower than the values observed in other similar
studies, which was associated to partial bed clogging
together with the presence of a large amount of particulate
organic matter. The bed had a very good performance in
terms of TP, TN, NH,4-N and NOs-N, despite the variation
of the incoming concentrations, presenting removal rates
in the range of the values found in similar studies. The only
available set of TC, FC and EH analysis indicated that the
bed had a low performance in terms of pathogenic removal
but more analysis are needed in order to stress a deeply
analysis. A good correlation was observed between mass
removal rates and mass loads BODs, COD, TN, NH;-N,
TP and TSS, which clarifies that the HSSF bed had a
satisfactory response to changes in incoming loads.

The SSA of the HSSF bed seems to be sufficient for
loads similar to the ones admitted in the design. However,
the prelimary and primary treatments should be improved
in order to face the transient loads of organic matter
and solids. As a precaution measure, HSSF beds subject
to transient high loads should be designed for higher
OLR and SLR than the ones suggests in literature. Results
show that the physical-chemical quality of the effluent
of this CW is suitable for reuse in agricultural and
landscape irrigation. pH, COD, TSS, TDS, TN and nitrate
are within the values recommended by national and
international studies.
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