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ABSTRACT
The aim of this work was to evaluate the influence of different substrates in the performance of a
horizontal flow constructed wetland employed in dairy farm wastewater treatment. Typha
domingensis was chosen for this study due to its high productivity and efficiency in nutrient
removal. Fifteen microcosm-scale reactors simulating horizontal flow constructed wetlands were
disposed in a greenhouse in triplicate. Five substrates (river gravel, gravel, LECA, river gravel +
zeolite and gravel + zeolite) were evaluated. Real effluent with previous treatment was used.
Dairy farm effluents favoured T. domingensis growth, probably due to their high nutrient
concentrations. The treatments with the different substrates studied were efficient in the
treatment of the dairy farm effluent obtaining ammonium (NH+

4 ) and total phosphorus (TP)
removals between 88–99% and 86–99%, respectively. Removal efficiencies were significantly
higher in treatments using LECA and combined substrate (gravel + zeolite). After treatment, the
quality of the final effluent was significantly improved. Outlet effluent complied with regulations
and could be discharged into the environment.
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1. Introduction

In Argentina, specifically in the Pampas region, milk pro-
duction increased remarkably some years ago, generat-
ing a growing demand of water and increasing effluent
production in milking activities. Improper handling of
effluents is one of the main sources of pollution of
groundwater as well as surface water. Wastewater from
agricultural operations has been a long-standing
concern with respect to contamination of water
resources, particularly in terms of nutrient pollution. Con-
taminants from livestock wastes can enter the environ-
ment through pathways such as leakage from poorly
constructed manure lagoons, or during major precipi-
tation events resulting in either overflow of lagoons
and runoff from recent applications of waste to farm
fields, or atmospheric deposition followed by dry or
wet fallout.

In Argentina, dairy farm wastewaters are either poorly
treated or not treated at all, and are directly discharged
into surface water courses, especially low flow, causing
their pollution by eutrophication. Nosetti et al. [1]
studied 65 dairy farms in Buenos Aires, Argentina,
where 50% of such farms eliminated the untreated efflu-
ent directly into nearby streams. In order to reduce the

economic and environmental impact of those activities,
two actions are considered necessary: (1) recycling of
water – in order to decrease its total consumption – sep-
arating the relatively clean fractions from the heavily
contaminated ones; and (2) a final treatment of waste-
water, in order to adopt a simple depuration strategy
for the less-contaminated fraction which might allow
its discharge into surface waters. The use of constructed
wetlands (CWs) could be a viable option to treat dairy
farm wastewater, due to their relatively low construction
and operating cost and their demonstrated effective-
ness. In the last years, scientific research into the effec-
tiveness of CWs in breaking down and treating animal
wastewater and removing contaminants has intensified
[2–4]. In the area under study, there is a growing interest
in the potential of alternative treatment methods such as
CWs due to an increasing trend to intensive farming and
thus larger amount of wastewater to be treated.

Horizontal subsurface flow wetlands (HSSFWs) have
been successfully tested for dairy wastewater treatment
worldwide [5–9]. Macrophytes and media play an impor-
tant role in the removal of pollutants [10]. The type of
substrate influences plant growth, the species richness
and the structure of bacterial communities in wetland
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systems, as well as the treatment performance [11,12]. It
has been shown that selection of substrate is also very
important for the lifespan of the system because a very
fine media will clog and thus surface runoff will occur
[13].

Cattails very often invade natural wetlands and dis-
place other species. Also, when planted in CWs, they
tend to out-compete other species planted in the
wetland [14]. Typha domingensis was chosen for this
study due to its high productivity and efficiency in nutri-
ent removal [15,16] and because it is widely distributed
in natural wetlands in Argentina.

The aim of this work was to evaluate the influence of
different substrates in the performance of a horizontal
flow constructed wetland employed in dairy farm waste-
water treatment.

2. Materials and methods

2.1. Experimental design and substrate properties

Microcosm-scale reactors simulating HSSFWs were dis-
posed in a greenhouse. Reactors (0.35 × 0.30 × 0.35 m;
length x width x depth) containing two plants of
T. domingensis and different substrates were disposed
in triplicate. Studied substrates are indicated in Table 1.
Reactors operated with horizontal subsurface flow. The
hydraulic load applied was low, 10 mm.d−1, correspond-
ing to a nominal hydraulic residence time (HRT) of about
7 days. Organic load applied was 0.7 g m−2 day−1.

River gravel and gravel are substrates widely used in
CWs mainly due to their low cost and porosity. LECA is
initial letters for ‘Light Expanded Clay Aggregate’ and
it consists of small, lightweight, bloated particles of
burnt clay. Small air-filled cavities give LECA its strength
and thermal insulation properties. The base material is
plastic clay, which is extensively pretreated and then
heated and expanded in a rotary kiln. Finally, the
product is burned at about 1100°C to form the finished
product.

The use of natural zeolites in environmental appli-
cations is spreading due to their properties and signifi-
cant worldwide occurrence. They are natural minerals
mined in various deposits and can also be produced

synthetically. Natural zeolites are crystalline, hydrated
alumino-silicates of alkali and earth metals that possess
infinite, strong, open, one or three-dimensional crystal
structure [17,18]. Natural zeolite was chosen for this
study due to its capacity to increase NH+

4 nitrogen abate-
ment performance.

2.2. Plant growth monitoring

Macrophytes were collected from a natural environment,
pruned to 30 cm, disposed in the reactors and acclimat-
ized prior to the experiment. The acclimatization period
lasted 150 days. During the first 60 days, tap water was
added to the reactors. Then, diluted real dairy farm efflu-
ent was added during 90 days. Growth was monitored by
measuring the plant height in each reactor. When the
acclimatization period finished, macrophytes were
pruned to a uniform height of 30 cm and the exper-
imental period began.

2.3. Experiment and chemical analysis

Reactors were filled with real dairy farm effluent with
previous treatment (anaerobic and facultative ponds).
HRT in the reactors was 7 days. The experiment
lasted 35 days. In order to evaluate contaminant
removal efficiencies in each reactor, pH, electrical con-
ductivity, suspended solids (SSs), total Kjeldhal nitrogen
(TKN), ammonium (NH+

4 ), nitrate (NO−
3 ), total phos-

phorus (TP) and chemical oxygen demand (COD)
were analyzed according to APHA [19]. All these
measurements were carried out before and after the
treatment in each reactor. Analytical determinations
were carried out in triplicate. Temperatures ranged
between 20 and 34°C during the development of the
experiment.

2.4. Statistical analysis

Analysis of variance (ANOVA) was used to determine
whether significant differences existed in contaminant
removal efficiencies among treatments with completely
randomized blocks.

The normality of residuals was analyzed graphically
and homogeneity of variances was checked using Bar-
tlett’s test. When necessary, data were transformed
(log) to achieve homogeneity of variances and normality.
Duncan’s test was used to differentiate means where
appropriate. A level of p < .05 was used for all compari-
sons. Calculations were performed using the Stat-
graphics Plus 3.0 software.

Table 1. Experimental design.

Treatment Substrate Diameter (mm)
Substrate height

(cm)

T1 River gravel 10–30 30
T2 Gravel 6–19 30
T3 LECA 5–19 30
T4 River gravel +

zeolite
10–30 and 0.6–5 10 + 20

T5 Gravel + zeolite 6–19 and 0.6–5 10 + 20
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3. Results and discussion

3.1. Inlet effluent characterization

Means and ranges of the parameters analyzed are indi-
cated in Table 2. The chemical composition of the efflu-
ent to be treated presented high variability, a common
characteristic of dairy farm effluents treated by ponds.

Electrical conductivity remained between 3.48 and 4.33
mS cm−1. TKN varied between 54.7 and 67.7 mg L−1,
being NH+

4 the main nitrogen species (42.8–53.9 mg
L−1). Nitrate varied between 15.3 and 45.0 mg L−1.
COD ranged widely between 194 and 412 mg L−1.

3.2. Growth monitoring

Growth monitoring was carried out in three stages: adap-
tation with tap water, adaptation with effluent and
experimental stage. Figure 1 shows growth evolution
during the three stages mentioned. Maximum plant
growth rates were observed after day 60, when the
reactors were filled with wastewater for the first time.
This is due to an increased nutrient supply form dairy
farm effluent. During the experimental stage, plants
grew faster after pruning than in the acclimatization

Table 2. Chemical composition of the inlet effluent.
Parameters Value ranges Mean

pH 7.87–8.44 8.18 ± 0.23
Electrical conductivity (mS cm−) 3.48–4.33 3.88 ± 0.30
SSs (mg L−) 140–245 208 ± 48.4
TKN (mg N L−1) 54.7–67.7 62.8 ± 5.8
Ammonium (mg NH+

4 L−1) 42.8–53.9 48.8 ± 4.7
Nitrate (mg NO−

3 L−1) 15.3–45.0 24.0 ± 11.9
TP (mg P L−1) 10.8–18.7 14.6 ± 3.7
COD (mg O2 L-1) 194–412 271 ± 98.6

Figure 1. Macrophytes growth evolution. (a) In reactors using river gravel. (b) In reactors using gravel. (c) In reactors using LECA. (d) In
reactors using river gravel + zeolite. (e) In reactors using gravel + zeolite.
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stages. Figure 2 shows macrophytes height and
biomass evolution at the beginning and the end of
the experiment.

The highest growth rates were registered in macro-
phytes of T3 (LECA), T4 (river gravel + Zeolite) and T5
(gravel + zeolite) reactors, proving to be suitable sub-
strates (Figure 1). Plants did not fully grow in reactors
filled with river gravel and gravel. High temperature
and weight of these substrates might have been the
cause of lower macrophytes growth. When dismantled,
plants of reactors with gravel had few roots if compared
with other substrates.

3.3. Removal efficiencies

pH was uniform in all experiments, varying between 7.71
and 8.93. These values are similar to pH range of the inlet
effluents used for the experiments.

Electrical conductivity did not present significant
difference before and after the treatment. This parameter
ranged between 3.12 and 3.94 mS cm−1 through the
experiment.

Removal ranges and mean values of the different par-
ameters measured for each treatment under study can
be observed in Figures 3–8.

The concentration of SSs in the wastewater after
treatment (Figure 3) decreased around 55% (49.4–
58.9%) in all studied systems. There were no statistically
significant differences among the treatments (p > .05).
Effluent depuration was also checked visually since tur-
bidity and color of samples decreased notoriously after
treatments. The contribution of emergent plants on
total SSs removal is attributed to the growth of their
stems, roots and rhizomes that enhance SSs removal
efficiency by reducing water velocity and reinforcing
settling and filtration in the root network [20].
Besides, SSs removal efficiency is mostly related to

Figure 2. Macrophyte’s growth evolution. Figure 3. Removal efficiency of SSs.

Figure 4. Removal efficiency of TKN.

Figure 5. Removal efficiency of ammonium.
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the sedimentation and filtration processes within the
wetland media [21].

The removal percentages for TKN were significantly
different for all treatments (p < .05). The greatest TKN
removal efficiency was registered in T5 (gravel +
zeolite) reaching a mean removal of this contaminant
of 85.1% (Figure 4), probably due to NH+

4 adsorption
by zeolite. Reactors with river gravel and gravel also
had good results. Treatments T3 (LECA) and T4 (zeolite
+ river gravel) presented a significantly lower perform-
ance than the other treatments. In inlet effluent, total
nitrogen is approximately 61% in the form of
ammonia. In consequence, TKN removal efficiencies
reached could be due mainly to high NH+

4 removal effi-
ciency, higher than 92% in all treatments. The major

nitrogen removal mechanism is achieved by biological
processes that convert the organic and ammonia nitro-
gen to nitrate in an aerobic environment (nitrification)
and then reduce the nitrate to nitrogen gas in an
anoxic environment (denitrification) [22]. Volatilization,
absorption and plant uptake play a much less impor-
tant role in CWs [23].

Ammonium removal rate varied between 92 and
97% in all treatments and the statistical analysis
showed no significant differences (p > .05) (Figure 5).
The decrease of NH+

4 concentration in wastewater
could be explained by the transformation of NH+

4 into
NO−

3 (nitrification). It is probably that nitrification
could be produced in aerobic microzones near roots
plus a subsequent denitrification. NH+

4 removal could
also be produced by anaerobic NH+

4 oxidation
(ANAMMOX).

In reactors containing zeolite, the main removal
mechanism could be adsorption by the filtration
media since the main zeolite property exploited in
wastewater treatment processes is its NH+

4 exchange
ability [18]. Furthermore, ammonia nitrogen loss
through volatilization was negligible since it generally
requires a pH of 9.3 [24].

Removal percentages for nitrate were significantly
different for all treatments (p < .05). Reactors containing
zeolite performed lower than reactors containing river
gravel, gravel and LECA. T3 (LECA) had a good perform-
ance, with a mean removal efficiency of 53%. Reactors
containing river gravel and gravel (T1 and T2) presented
similar efficiencies, 59% and 56%, respectively (Figure
6). These low removal percentages may be due to an
incomplete denitrification process.

The concentration of TP in wastewater decreased
along the experiment in all treatments (Figure 7). In
all reactors efficiency was over 86%. There are several
mechanisms by which phosphorus can be retained in
wetlands systems: uptake by plant roots or absorption
through plant leaves in submerged species, adsorption
to soils and sediments and uptake by microbiota.
According to Vymazal [25], adsorption and precipitation
of phosphorus are effective in systems where waste-
water gets in contact with filtration substrate.
Removal percentages did not differ significantly from
one treatment to another (p > .05), indicating that sub-
strates are not responsible for phosphorus removal.
Macrophytes uptake is probably the main mechanism
for P removal. HSSFWs have high potential for P
removal, as the substrate is constantly flooded and
there is no significant fluctuation in redox potential in
the bed.

The results for removal efficiencies obtained for main
parameters are consistent with other experiments

Figure 6. Removal efficiency of nitrate.

Figure 7. Removal efficiency of TP.

Figure 8. Removal efficiency of COD.
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reported in the literature. Case studies of dairy and swine
wastewater treatment wetlands have shown nitrogen
and phosphorus removals between 48–98% and 35–
96% respectively, depending on nutrient loading con-
ditions and wetland ages [7,8,26–29].

COD removal efficiency shows significant differences
among the microcosms (p < .05). The highest COD
removal (78–80%) was registered in T3 (LECA), T4 and
T5 (treatments using zeolite). T1 and T2 were the least effi-
cient treatments, with mean removal efficiencies ranged
between 67 and 71% (Figure 8), probably due to a lower
macrophytes growth, as it was said previously. A positive
correlation coefficient (R2= 0.899) was observed between
COD removal efficiencies and macrophyte biomass
development. A more developed root-rhizome system
will allow more aerobic microzones affecting organic
matter oxidation. In CWs, COD removal is mainly related
to microbiological degradation attached to the matrix
and the plants roots [30].

4. Conclusions

The studied substrates were efficient in the effluent treat-
ment, showing high but not significant different NH+

4

and TP removal efficiencies (88–99% and 86–99%,
respectively). Treatments with combined substrate
gravel + zeolite presented significantly higher TKN
removal efficiencies while reactors containing LECA pre-
sented the best performance in NO−

3 and COD removal.
LECA and gravel + zeolite are the most suitable sub-
strates to be used in HSSFW for dairy farm wastewater
tertiary treatment. The best option will depend on cost.

T. domingensis grew satisfactorily in HSSFWs treating
dairy farm wastewater and was efficient in the removal
of the contaminants studied.

Currently, in Argentina, dairy farm effluents are
dumped into the environment untreated or treated
with inefficient traditional methods. It is necessary to
find a final low-cost treatment to comply with regulation.
The use of CWs to treat these effluents could be a viable
option because of its low construction and operation
costs and demonstrated depuration efficiency. HSSFWs
demonstrated to be efficient in the final treatment of
dairy farm effluents. After treatment, the quality of the
final effluent was significantly improved. Outlet effluent
complied with regulations and could be discharged
into the environment.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by Consejo Nacional de Investiga-
ciones Científicas y Técnicas (CONICET), PIP 2012-614 and Uni-
versidad Nacional del Litoral (UNL)-CAI + D Project and Agencia
de Promoción Científica y Tecnológica, PICT 2011-615.

References

[1] Nosetti L, Herrero MA, Pol M, et al. Cuantificación y
caracterización de agua y efluentes en establecimientos
lecheros [Quantification and characterization of water
and wastewater in dairy farms]. Agentina. II. Calidad de
efluentes y eficiencia de los procesos de tratamiento.
Rev In Vet. 2002;4:45–54.

[2] Healy MG, Rodgers M, Mulgreen J. Treatment of dairy
wastewater using constructed wetland systems and inter-
mittent sand filters. Bioresour Technol. 2007;98:2268–
2281.

[3] Harrington R, McInnes R. Integrated constructed wetlands
(ICW) for livestock wastewater management. Bioresour
Technol. 2009;100:5498–5505.

[4] Harrington R, Scholz M. Assessment of pre-digested
piggery wastewater treatment operations with surface
flow integrated constructed wetland systems. Bioresour
Technol. 2010;101:6950–6960.

[5] Cui L, Ouyang Y, Lou Q, et al. Removal of nutrients from
wastewater with Canna indica L. under different vertical-
flow constructed wetland conditions. Ecol Eng.
2010;36:1083–1088.

[6] Kern J, Brettar I. Nitrogen turnover in a subsurface con-
structed wetland receiving dairy farm wastewater. Book
of abstracts of the international symposium on wetland
pollutant dynamics and control. Belgium: Ghent
University; 2002. p. 77–78.

[7] Mantovi P, Piccinini S, Marmiroli N, et al. Treating dairy
parlor wastewater using subsurface-flow constructed wet-
lands. In: Nehring KW, Brauning SE, editors, Columbus
(OH): Wetlands and Remediation II. Battelle Press; 2002.
p. 205–212.

[8] Mantovi P, Marmiroli M, Maestri E, et al. Application of a
horizontal subsurface flow constructed wetland on treat-
ment of dairy parlor wastewater. Bioresour Technol.
2003;88:85–94.

[9] Hill CM, Duxbury JM, Goehring LD, et al. Designing con-
structed wetlands to remove phosphorus from barnyard
run-off: seasonal variability in loads and treatment. In:
Mander Ü, Jenssen P, editors. Constructed wetlands for
wastewater treatment in cold climates. Southampton:
WIT Press; 2003. p. 181–196.

[10] Cooper P. A review of the design and performance of ver-
tical-flow and hybrid reed bed treatment systems. Water
Sci Technol. 1999;40(3):1–9.

[11] Calheiros CSC, Rangel AOSS, Castro PML. Evaluation of
different substrates to support the growth of Typha
latifolia in constructed wetlands treating tannery waste-
water over long-term operation. Bioresour Tecnhol.
2008;99:6866–6877.

[12] Calheiros CSC, Duque AF, Moura A, et al. Substrate effect
on bacterial communities from constructed wetlands
planted with Typha latifolia treating industrial wastewater.
Ecol Eng. 2009;35(5):744–753.

6 M. C. SCHIERANO ET AL.



[13] Cooper D, Griffin P, Cooper P. Factors affecting the long-
evity of sub-surface horizontal flow systems operating as
tertiary treatment for sewage effluent. Water Sci
Technol. 2005;51(9):127–135.

[14] Hadad H, Maine MA, Bonetto C. Macrophyte growth in a
pilot-scale constructed wetland for industrial wastewater
treatment. Chemosphere. 2006;63:1744–1753.

[15] Maine MA, Hadad H, Sánchez G, et al. Influence of veg-
etation on the removal of heavy metals and nutrients in a
constructed wetland. J Environ Manage. 2009;90:355–363.

[16] Maine MA, Suñe N, Hadad H, et al. Removal efficiency of a
constructed wetland for wastewater treatment according
to vegetation dominance. Chemosphere. 2007;68:1105–
1113.

[17] Milán Z, Sánchez E, Weiland P, et al. Influence of different
natural zeolit concentrations on the anaerobic digestion
of piggery waste. Bioresour Technol. 2001;80(1):37–43.

[18] Tuszynska A, Obarska-Pempkowiak H. Dependence
between quality and removal effectiveness of organic
matter in hybrid constructed wetlands. Bioresour
Technol. 2008;99(14):6010–6016.

[19] APHA. Standard methods for the examination of water
and wastewater. New York: Amer. Publ. Health Assoc;
2012.

[20] Braskerud BC. The influence of vegetation on sedimen-
tation and resuspension of soil particles in small con-
structed wetlands. J Environ Qual. 2001;30:1447–1457.

[21] Toscano A, Hellio C, Marzo A, et al. Removal efficiency of a
constructed wetland combined with ultrasound and UV
devices for wastewater reuse in agriculture. Environ
Technol. 2013;34:2327–2336.

[22] Leverenz HL, Haunschild K, Hopes G, et al. Anoxic treatment
wetlands for denitrification. Ecol Eng. 2010;36:1544–1551.

[23] Kadlec RH, Wallace SD. Treatment wetlands. 2nd ed. Boca
Raton (FL): CRC Press; 2009.

[24] Jing SR, Lin YF. Seasonal effects on ammonia nitrogen
removal by constructed wetlands treating polluted river
water in southern Taiwan. Environ Pollut. 2004;127
(2):291–301.

[25] Vymazal J. Removal of nutrients in various types of con-
structed wetlands. Science Tot Environ. 2007;380:48–65.

[26] Hammer DA, Pullin BP, McCaskey TA, et al. Treating live-
stock wastewater with constructed wetlands. In: Moshiri
JA, editor. Constructed wetlands for water quality
improvement. Boca Raton (FL): CRC Press LLC; 1993. p.
343–348.

[27] Hunt PG, Poach ME. State of art for animal wastewater
treatment in constructed wetlands. Proceedings of the
Seventh International Conference on Wetlands Systems
for Water Pollution Control, International Water
Association, Lake Buena Vista, Florida, 11–16 November,
707–718; 2000.

[28] Newman JM, Clausen JC, Neafsey JA. Seasonal perform-
ance of a wetland constructed to process dairy milkhouse
wastewater in Connecticut. Ecol Eng. 2000;14:181–198.

[29] Schaafsma JA, Baldwin AH, Streb CA. An evaluation of a
constructed wetland to treat wastewater from a dairy
farm in Maryland, USA. Ecol Eng. 2000;14:199–206.

[30] Sawaittayothin V, Polprasert C. Nitrogen mass balance and
microbial analysis of constructed wetlands treating
municipal landfill leachate. Bioresour Technol. 2007;98
(3):565–570.

ENVIRONMENTAL TECHNOLOGY 7


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Experimental design and substrate properties
	2.2. Plant growth monitoring
	2.3. Experiment and chemical analysis
	2.4. Statistical analysis

	3. Results and discussion
	3.1. Inlet effluent characterization
	3.2. Growth monitoring
	3.3. Removal efficiencies

	4. Conclusions
	Disclosure statement
	References



