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Abstract The intensive pig production has been caus-
ing huge amounts of pig slurry with high content of
potential pollutants. However, there is a lack of infor-
mation on the efficiency of combined techniques ap-
plied to pig slurry purification. The objective of this
research was to assess the pollutant removal efficiency
and pathogenic microorganism decrease using mechan-
ical treatments, phytoextraction, and microalgae biore-
mediation. The purification system was located in the
southeast of Spain. Physico-chemical and microbiolog-
ical parameters were studied in each module of treat-
ment. We observed significant declines for total
suspended solids (89 %), settleable solids (100 %),
chemical oxygen demand (91 %), biochemical oxygen
demand (90 %), total phosphorus (97 %), copper
(96 %), zinc (92 %), total nitrogen (89 %), total coli-
forms (78 %), fecal coliforms (70 %), fecal streptococ-
cus (75 %), Salmonella, Shigella, and Escherichia coli
(100%) in the final effluent of the combined purification
system. This survey pointed out the effectiveness of
phytoextraction and bioremediation treatments. The

results indicated the high efficiency of the purification
system, minimizing environmental and human risks.

Keywords Pig slurry. Nitrogen . Horizontal subsurface
flow constructed wetland (HSFCW) . Phragmites
australis . Scenedesmus sp.

1 Introduction

Pig slurry is considered one of the most polluting
agroindustrial wastewaters worldwide. Nitrogen, phos-
phorous, organic matter, and salts in high concentrations
can trigger serious environmental problems such as
eutrophication of water bodies (Carpenter et al. 1998),
groundwater contamination (Krapaca et al. 2002), emis-
sion of greenhouse gases, and soil degradation due to
over-fertilization and unsustainable use (Plaza et al.
2004; Gómez-Garrido et al. 2014).

Numerous studies show efficient technologies to treat
municipal wastewaters (Melse and Verdoes 2005;
Burton 2007). Some of these technologies could be
applied in pig slurry purification. However, there is a
lack of information on operational practicalities and
efficiency regarding the combination and application
of different physico-chemical and microbiological tech-
niques applied to treat pig slurry (Lorimor et al. 2006).

Various types of mechanical screen separators have
been tested with dissimilar slurries (Reimann and
Potsdam 1991; Zhang and Westerman 1997; Møller
et al. 2000). These studies assessed that both sedimen-
tation and mechanical screen separation are simple,
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effective, and low-cost techniques. Conversely, other
technologies such as some biological treatments and
other physico-chemical ones such as coagulation-floc-
culation, evaporation, ultrafiltration, and reverse osmo-
sis are complex and expensive (Burton 1997; Lema
et al. 2014). The constructed wetlands (CWs) have been
widely used to treat urban wastewater. The combination
of biological, physical, and chemical interactions among
plants (commonly macrophytes such as Phragmites
australis), substrate, and influent improves the purifica-
tion (Hill et al. 1999; Kadlec and Knight 1996).
Moreover, P. australis can phytoextract and
phytoaccumulate pollutants in its tissues and favors the
microorganisms growing (Vymazal 2002; Lee and
Scholz 2007; Lema et al. 2014). Even though the plants
are not harvested, the use of plant species in constructed
wetlands is highly recommended (Vymazal 2011). They
increase both the microcosm and nitrification processes
dealing with high NH4

+-N concentration as in swine
wastewaters (Knops et al. 2002; Ge et al. 2015).
Constructed wetlands are promoted as low-cost technol-
ogy for the wastewater treatment, thanks to the mini-
mum operational and management requirements
(Kadlec and Knight 1996).

CWs have been previously evaluated for pig slurry
purification (Hunt et al. 2002; Knight et al. 2000). These
studies showed the CW effectiveness for the main po-
tential pollutant removal, minimizing the risk of envi-
ronmental pollution or human health effects. Likewise,
CWs could provide suitable effluent to be used for crops
and pastureland irrigation.

Recent surveys conclude that microalgae systems
perform as bioremediators in open ponds, potential pol-
lutant contents in the pig slurry (Kebede-Wheshead
et al. 2003; Mulbry et al. 2005). Some researchers
attributed ammonium removal mainly to the algae as-
similation (de la Noue and Basseres 1989) and reported
the total NH4-N exhaustion at 20 °C with three different
species of microalgae (two Chlorophyceae, Chlorella
sp., and Scenedesmus obliquus, and a cyanobacterium,
Phormidium bohneri). Other surveys pointed out the
oxidation of organic matter and ammonium due to bac-
teria activity (Muñoz and Guieysse 2006; Hoffman
1998). Authors such as de Godos et al. (2009) described
high efficiencies of total Kjeldhal nitrogen removal
while NH4-N was almost completely removed in algae
ponds with pig slurry. This study indicated nitrification-
denitrification as the main mechanisms to achieve the N
removal in accordance with Zimno et al. (2003).

With the aim to enhance the knowledge about the
combination of different treatments to purify pig slurry,
the objectives of this study were as follows:

1. To assess the variation of physico-chemical param-
eters and pathogenic microorganisms in the pig
slurry using a sequential combination of treatments:
(a) fan press screw separator, (b) intermittent aera-
tion process, (c) sludge thickener with a rotor
screen, (d) sedimentation tank, (e) CWs with mac-
rophytes, and (f) open storage pond with microalgae

2. To assess the pollutant removal efficiency of the
purification system combining mechanical elimina-
tion, phytoextraction, and bioremediation

2 Materials and Methods

2.1 Study Area

This study was conducted in The Integrated Centre of
Training and Agricultural Experiences (CIFEA), which
has an experimental intensive pig farm, located in the
municipality of Lorca. This zone is the most intensive
pig production area in Murcia region (southeast of
Spain, 37° 39′ N, 1° 41′ W). The climate of the area is
semiarid Mediterranean, with a mean annual tempera-
ture of 17 °C and a mean annual rainfall of 307 mm. The
potential evapotranspiration rate surpasses 1246 mm/
year (AETMET 2012).

The combination of physico-chemical and microbio-
logical modules of treatments is shown in Fig. 1. The
mean of pigs in the farm was 50, with three annual
cycles of feeding and production. The weight of the
animals generally ranged from 20 kg at the beginning
and 110 kg at the end of each cycle (like in the industrial
farms of the region). This study was carried out for
5 years (2006 to 2010).

2.2 Description of Mechanical Separation Techniques

The raw pig slurry from the farm was stored in a con-
crete subterranean tank (Fig. 1(1)), which had a mechan-
ical shaker (GTWS-44 type, Westfalia separator, Eisele,
Germany). The homogenization and oxygenation of the
slurry were made in this tank by shaking for 30 min.
Then, the slurry was driven by a pump through a fan
press screw separator of 5 m3 h−1 (Westfalia, Germany)
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(Fig. 1(2)) which was used for the separation of
suspended solids.

The solid phase was composted and the liquid phase
of pig slurry (LPPS) was stored for 2 days in a tank of
10 m3 (Fig. 1(3)). The tank had an intermittent aeration
process consisting of a five-aeration membrane system
and a compressor of 30 m3 h−1 (Josval, Herraiz, Spain).
After that, LPPS was pumped to a sludge thickener
(Fig. 1(4)) which had a rotor screen (Biopolym,

Iberica, Spain). The solids were retained by a rotating
drum until they were removed from it by a scraper; this
had a self-cleaning system. The water flowed from the
bottom of the screen, and those particles that had not
been separated by the scraper were trapped. The LPPS
was stored for 2 days in a sedimentation tank 10 m3

(Fig. 1(5)). Then, LPPS was conducted to the CWs
using a pump and a PVC pipe. The sedimentation tank
was emptied and cleaned every time that the purification

Fig. 1 General layout of the treatments (plan view). (1) Subterra-
nean tank, (2) fan press screw separator, (3) storing tank with an
intermittent aeration disc, (4) sludge thickener, (5) sedimentation
tank, (6) stopcocks, (7) intermittent horizontal subsurface flow

constructed wetlands by batch mode (HSFCW), (8) reservoir tank,
and (9) storage pond. (A), (B), (C), (D), (E), and (F) indicate the
sampling points
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process was operated, that is every cycle of treatment.
These modules worked in batch treating 10 m3 every
cycle, and the hydraulic retention time (HRT) in both
intermittent aeration and sedimentation tanks was
2 days.

2.3 Description of the CW and the Open Pond

Six cells of a horizontal subsurface flow constructed
wetland (HSFCW) were equipped with inlet and outlet
hydraulic structures in order to work with intermittent
flow or batch (Fig. 1(7)). The whole volume of each cell
changed from 16 m3 in the beginning of the experiment
to 8 m3 in the last year, whereas the mean organic
loading was 2648 g L−1 based on BOD data. The change
of volume was due to the growth of a P. australis root
system and the biofilm covering the substrate which
progressively reduced the available volume to treat the
influent in each cell. The experiment started when the
aerial part of P. australis was 20 cm in height and
finished when it was 2.0 m which triggered a high
development of the root system and as a consequence
the reduction of the available volume to treat the influ-
ent. Therefore, the hydraulic load rate varied from 16 to
8 m3.

This LPPS was discharged on the surface of coarse
gravel bed without sand layer (1 m length) to avoid
clogging process, and wastewater flow had a uniform
horizontal distribution across the cells. The outlet struc-
ture was an orifice at the bottom of the downstream end
of the cell. The outlet was 90 cm lower than the inlet to
allow the hydraulic gradient. Each cell was waterproof
and designed with a trapezoidal shape according to the
following dimensions: 27 m length, 2.5 m width
(surface) and 2 m width (bottom), 1 m depth, and 1 %
slope. Each bed was excavated and lined with a plastic
film (PEAD 2.0 mm) to prevent seepage. The substrate
was 80 cm of limestone gravel (4–40 mm of diameter)
and a surface of 20 cm of certificated sand layer. Based
on preliminary studies, the density of P. australis was
7.5 plants m−2. The HSFCWs worked in batch. The
duration of a single loading was equivalent to the HRT
which was 4 weeks. The interval between loadings was
90 days.

A small reservoir tank to collect samples of effluents
was constructed at the end of each cell. The effluent
picked up in each tank was pumped to the open storage
pond after 3 h, which had a volume of 100 m3, where
algae species of the genera Scenedesmus grew.

The whole purification system was patented in 2012
with number of publication ES 2 363 363 B2
(Caballero-Lajarín et al. 2012).

2.4 Sampling and Analytical Methods

Samples were collected in triplicate in the different
sampling points (Fig. 1). Four samplings were made
every year, one per season. The total of samplings was
20 over 5 years. Every sample was placed in sterilized
plastic bottles of 100 mL, labeled, and immediately
cooled at 4 °C until analysis. Microbial parameters were
studied in samples collected in A, E, and F sampling
points in order to determine their variation before and
after the phytoextraction and bioremediation treatments.

Temperature (T) and pH were determined in situ by a
HANNA instrument (HI 9025) while electrical conduc-
tivity (EC) and redox potential (Eh) were determined
potentiometrically also in situ by a HANNA instrument
(HI 9033) (Spain). Total suspended solids (TSS) were
filtered through a weighed standard glass-fiber filter and
the residue retained on the filter is dried to a constant
weight at 105 °C (2440-D method, APHA-AWWA-
WEF 2012). Settleable solids (SS) were measured in
situ by natural sedimentation in an Inhoff vessel, after
60 min (2540-F method, APHA-AWWA-WEF 2012).
Total dissolved solids (TDS) were calculated according
to Ayers and Wescot (1984). Chemical oxygen demand
(COD) was determined by photometric determination of
chromium(III) concentration after 2 h of oxidation with
potassium dichromate/sulfuric acid and silver sulfate at
148 °C (Macherey-Nagel GmbH and Co. KG.
Nanocolor Test, Ref 985 028/29) (DIN 38 409 - H41 -
1, DIN ISO 15 705 - H45). Biochemical oxygen de-
mand in 5 days (BOD5) was determined by manometer
OXITOP WTW equipment.

Total phosphorus (TP) was photometrically deter-
mined as molybdenum blue after acidic hydrolysis and
oxidation at 120 °C (Macherey-Nagel GmbH and Co.
KG. Nanocolor Test; Ref 985 055). Copper (Cu) and
zinc (Zn) were determined after an acid digestion by
atomic absorption spectrophotometry (A-Analyst 800
Perkin Elmer). Total nitrogen (TN) was determined by
the Kjeldahl method (Duchaufour 1970), modified
using 1 mL of pig slurry in the digestion. Ammonium
nitrogen (NH4

+-N) was determined by steam distillation
and titration with HCl 0.1 N. Organic nitrogen (ON)was
calculated by the difference between TN and NH4

+-N.
Nitrate (NO3

−) was measured by photometric

341 Page 4 of 15 Water Air Soil Pollut (2015) 226: 341



determination with 2,6-dimethylphenol in sulfuric acid/
phosphoric acid mixture (Macherey-Nagel GmbH and
Co. KG. Nanocolor Test; Ref 985 064). Chloride (Cl−),
bromide (Br−), sulfate (SO4

2−), sodium (Na+), potassi-
um (K+), calcium (Ca2+), and magnesium (Mg2+) ions
were analyzed by high-performance liquid chromatog-
raphy (HPLC) (Dionex DX500 ED40).

Microorganisms were determined by preparing serial
dilutions of samples with autoclaved peptone water.
Recount of mesophilic aerobic (MA) bacteria was de-
termined by culturing each sample in two petri dishes
with trypticase soy agar (TSA) at 31 °C for 72 h. Total
coliforms (TC) were determined by culturing each sam-
ple in triplicate in Brilliant Green Bile Lactose Broth
(BGBL) 2 % tubes at 37 °C for 24/48 h. Fecal coliforms
(FC) were determined by culturing the positive total
coliform tubes in BGBL 2 % tubes at 44.5 °C for 24–
48 h using a sterilized inoculation loop. The presence or
lack of Escherichia coliwas determined by culturing the
positive fecal coliforms in petri dishes with eosin meth-
ylene blue (EMB) at 37 °C for 24–48 h. After that,
suspected colonies were isolated by a sterilized inocu-
lation loop in peptone tubes and were analyzed in API
20 E gallery at 37 °C for 18–24 h. The APILAB pro-
gram was used to identify the microorganism. Fecal
streptococcus (FS) was determined by culturing each
sample in triplicate in kanamicina-aesculina-azida
(KAA) broth at 37 °C for 24–48 h and confirmation of
the positive tubes in petri dishes at 37 °C for 24–48 h.

The presence or lack of Salmonella sp. and Shigella
sp. was determined by a selective enrichment in selenite
cystine broth, isolation in a selective solid medium,
xylose lysine deoxycholate agar (XLD), and confirma-
tion by API 20 E gallery.

The efficiency of removal for the mechanical separa-
tion, constructed wetlands, and open pond was deter-
mined by the calculation of the decrease or increase of
each parameter before and after every one.

2.5 Statistical Analyses

Data normality and homoscedasticity were checked
with a Kolmogorov-Smirnov test and a Levene test,
respectively. The whole of studied parameters resulted
nonparametric even after transformation. Data were
grouped according to A, B, C, D, E, and F sampling
points. Significant differences among treatments were
assessed by Kruskal-Wallis (chi2—nonparametric tests)
and Mann-Whitney U tests. Differences were

considered significant when P<0.05. Additionally, the
percentage of removal was determined for each treat-
ment. Experimental results were statistically analyzed
using the software SPSS package for Windows, Version
19.0.

3 Results and Discussion

3.1 Physico-chemical Parameters

3.1.1 Temperature, Redox Potential, and pH

As Fig. 2a shows, T kept very homogeneous after each
treatment. Substrate and roots kept the wastewater tem-
perature higher than air temperature, between 2 and 3 °C
more, in CW during the winter. This fact likely allowed
the microbiological activity continually (Hiley 2003).
This parameter did not show statistically significant
differences among treatments (P>0.05), although the
temperature varied according to the season (Fig. 2a).

Redox potential exhibited negative values after each
treatment (Fig. 2b), pointing out anaerobic conditions.
Similar results were described by other researchers in
raw pig slurry (Moral et al. 2005; Rufete et al. 2006).
The Eh values showed significant differences among
treatments (P<0.05), with increments after aeration
and HSFCW because of the oxygen supply.

The average value of pH of the raw pig slurry was
neutral or slightly alkaline (Fig. 2c), being similar to
those shown in previous research, ranging from 6.8 to
8.3 (Massé et al. 2011; Monroy et al. 2009). The pH
showed significant differences among treatments
(P<0.05). The highest pH value was observed in the
open pond, which could be related to the photosynthetic
activity of the microalgae (Mashauri et al. 2000; de
Godos et al. 2009). Additionally, the alkaline pH favors
ammonium precipitation (Phillips et al. 2000).
Therefore, it could be inferred that microalgae activity
triggered NH4-N removal in our open pond, as it was
described by de Godos et al. (2009) and de la Noue and
Basseres (1989).

3.1.2 Electrical Conductivity and Ions

Electrical conductivity was high in the raw pig slurry
(Fig. 2c) as well as the soluble salt concentrations com-
pared with other studies, which reported values ranging
from 6.8 to 23.2 daysm−1 (Suresh et al. 2009;Wong and
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Selvam 2009). Electrical conductivity (Fig. 2d) showed
no significant differences among treatments (P<0.05)
from the aeration to the open pond. Usually, the high EC
is due to the dietary intake of salts and high-protein feed
(Moral et al. 2005).

The ion contents found were similar to those reported
in previous research (Sánchez and González 2005;
Carrasco 2005; Plaza 2002). In general, ion contents
exhibited significant differences among treatments
(P<0.05). HSFCWand the open pond showed decreas-
ing Ca2+ whereas SO4

2−, Cl−, Na+, K+, and Mg2+ gen-
erally increased. These variations were likely caused by
interactions between the substrate and the biofilm which
recover the gravels in the HSFCW (Kadlec and Knight
1996). Finally, the decreasing Ca2+ contents observed in
the open pond could be connected with the microalgae
activity and its immobilization (Mashauri et al. 2000).
However, the other ion concentrations increased likely
due to evaporation (Fig. 4a, d, e).

3.1.3 Total Suspended Solids, Settleable Solids,
and Total Dissolved Solids

As a general pattern, solids dismissed after each treat-
ment, showing statistically significant differences
among treatments (P<0.05) for TSS and SS while
TDS exhibited similarities from aeration to the open
pond. The highest removal of TSS was observed in the
HSFCWand for SS was registered in the sedimentation
tank for SS being completely removed in the HSFCW.
This fact could be explained based on the precipitation
in the HSFCW and in the sedimentation tank coupled
with the fix to particles of the substrate.

3.1.4 Total Phosphorus, COD, and BOD5

TP was significantly and progressively removed after
each treatment, especially after HSFCW (Fig. 2h). The

typical mechanisms for TP removal associated to a long-
term storage in CWs are adsorption and chemical pre-
cipitation with Ca+2 coupled with iron, aluminum, and
organic matter fixed in the substrate (Kadlec and Knight
1996; Healy and O’ Flynn 2011). In accordance, Ca+2

contents decreased after treatments (Fig. 4f) in our study,
which seems to indicate precipitation processes as an
important mechanism to reduce TP. Healy and O’ Flynn
(2011) reported 88 % of P removal of PO4

3−-P in
vertical-flow CWs with agricultural dairy-soiled
wasters. Moreover, P. australis, algae, and bacteria
could absorb P to be used as nutrient, although this
mechanism is described by Healy and O’ Flynn (2011)
as a short-term storage in the HSFCW.

COD and BOD5 significantly decreased after each
treatment (Fig. 3a, b). The main processes which con-
tribute to COD and BOD5 decreases are volatilization,
photochemical oxidation, sedimentation, adsorption,
and biological degradation (Kadlec 1992). These pro-
cesses mainly would take place in the HSFCW treat-
ment, explaining the higher COD and BOD5 decrease.

3.1.5 Total Nitrogen, Ammonium Nitrogen, Organic
Nitrogen, and Nitrates

The 78 % of TN was in inorganic form, mainly as
ammonium nitrogen; the rest of the nitrogen was in
organic form (Fig. 3c, d). Similar results were found in
other studies (Bonmati and Flotats 2003; Sánchez and
González 2005). The different N forms mainly de-
creased in the HSFCWs and in the open pond. The main
mechanisms referred to in the literature for nitrogen
removal are nitrification, denitrification, adsorption,
and absorption (Reddy and Patrick 1984). Results
showed noticeable TN, NH4-N, NO, and nitrate varia-
tions in the HSFCW and in the open pond compared
with the mechanical separation techniques. Therefore,
we can infer that the mentioned mechanisms for N
removal were more relevant both in the HSFCW and
in the open pond.

Additionally, the mean annual temperature in the
zone was 17 °C which would favor the N removal.
Christos and Tsihrintzis (2007) observed that N precip-
itation was higher when temperature was over 15 °C.
Furthermore, plant growth was larger and consequently
microbiological activity was more intensive favoring
absorption processes both in the HSFCW and in the
open pond. Additionally, the pH increased until 8.6 in
the open pond. This fact could trigger a higher NH4

+-N

Fig. 2 Mean and standard deviation values of effluent according
to different treatments. a subterranean tank, b fan press screw
separator, c intermittent aeration discs-sludge thickener, d sedi-
mentation tank, e horizontal subsurface flow constructed wetlands,
and f storage pond. Percentages indicate increase and decrease
according to the different treatments and global treatments. Differ-
ent letters indicate significant differences between treatments
(P<0.05) according to Kruskal-Wallis andMann-WhitneyU tests.
(a) Temperature (T), (b) redox potential (Eh), (c) pH, (d) electrical
conductivity (EC), (e) total suspended solids (TSS), (f) settleable
solids (SS), (g) total dissolved solids (TDS), and (g) total phos-
phorus (TP)

R
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precipitation as it was mentioned before as well as vol-
atilization as NH3 andNOxwhich could be caused by the
pH increase coupled with the high mean annual temper-
ature (Reddy and Patrick 1984; Vymazal et al. 1998).

Nitrates significantly increase in the HSFCW, prob-
ably due to nitrification processes owing to the release
of O2 by P. australis in the rhizosphere (Huang et al.
2000). The opposite pattern was observed in the open
pond where NO3

− significantly decreased likely as a
consequence of s imul taneous ni t r i f ica t ion-
denitrification processes and absorption by microalgae
(Vymazal 2002; de Godos et al. 2009).

3.1.6 Copper and Zinc

Cu and Zn contents showed significant differences
among treatments (P<0.05). The higher removals took
place in the sedimentation tank, in the HSFCW, and in
the open pond. Metal removal rates in CWs depend on
the type of element, ionic forms, substrate conditions,
season, and plant species (Marchand et al. 2010).
Karathanasis and Thompson (1993) found a positive
correlation between organic matter and metal removal.
We observed a high COD and BOD5 decease after the
HSFCW and the open pond treatments (Fig. 3a, b).
Therefore, we can infer the immobilization of Cu and
Zn in the organic matter. Lema et al. (2014) also
assessed the absorption onto the particulate matter as
well as the filtration of the root and the uptake of these
elements (Fig. 3g, h). However, other elements such as
Cl−, SO4

−2, Na+ and Mg+2 increased (Fig. 4).

3.1.7 Pathogenic microorganisms

The pathogenic microorganism contents obtained
(Fig. 5a–d) were in accordance with those found by
Tofant et al. (2006) in the raw pig slurry. In our study,

27 % of the raw pig slurry samples (Table 1) showed the
presence of both E. coli and Salmonella. However,
Shigella was not detected, similar to the results found
by Ros et al. (2006).

These pathogenic microorganisms significantly
decreased after the different treatments. Neralla
et al. (2000), Mashauri et al. (2000), and Steer
et al. (2002) described 99 % of removal for fecal
coliforms after purification of pig slurry with CWs.
We can infer that the pathogenic microorganism
removal after HSFCW was maintained in the open
pond where no contamination was supposed to
happen.

3.2 Efficiency of Treatment

3.2.1 Mechanical Separation

In this research, it was found that mechanical treatments
(fan press screw separator, intermittent aeration process,
sludge thickener with a rotor screen, and sedimentation
tank) removed mainly solids (62 % for TSS, 91 % for
SS), BOD5 (59 %), COD (45 %), TP (52 %), Cu (42 %),
Zn (39 %), and some ions such as SO4

2− (50 %) and
Mg2+ (36 %).

Walker et al. (2010) evaluated the effectiveness of a
static gravity screen-roll press separator operated in
tandem with a polyacrylamide-assisted gravity belt
thickener to separate solid and liquid components of
liquid pig manure under production-scale conditions.
Significant reductions were obtained in settleable solids
(98.4 and 94.3 %), total suspended solids (98.2 and
80.9 %), total nitrogen (60.6 and 37.0 %), and phospho-
rus (91.7 and 70.9 %) concentrations for years 1 and 2,
respectively. Sorensen and Thomsen (2005) assessed
that the mechanical manure separation contributed to
reduce nutrient leaching from livestock wastewaters.
Moreover, it reduces its weight and volume and makes
easier the handling of the manure, decreasing the cost
and the potential environmental damage due to its
transport.

3.2.2 Phytoextraction Through Constructed Wetlands

Based on the values of each studied parameter before
and after the HSFCWs, solids were mainly removed
(83 % for TSS and 100 % for SS), as well as BOD5

(71 %), COD (68 %), TP (90 %), Cu (69 %), Zn (74 %),
TN (63%), NH4-N (63%), and ON (69%). Knight et al.

R Fig. 3 Mean and standard deviation values of effluent according
to different treatments. a subterranean tank, b fan press screw
separator, c intermittent aeration discs-sludge thickener, d sedi-
mentation tank, e horizontal subsurface flow constructed wetlands,
and f storage pond. Percentages indicate increase and decrease
according to the different treatments and global treatments. Differ-
ent letters indicate significant differences between treatments
(P<0.05) according to Kruskal-Wallis andMann-WhitneyU tests.
(a) Chemical oxygen demand (COD), (b) biochemical oxygen
demand in 5 days (BOD5), (c) total nitrogen (TN), (d) ammonium
nitrogen (NH4

+-N), (e) organic nitrogen (ON), (f) nitrate (NO3
−),

(g) copper (Cu), and (h) zinc (Zn)
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(2000) assessed the reduction of TSS by 57 % in CWs
which purified livestock wastewaters, from 118 to
51 mg L−1. Brix (1997) found that the higher SS remov-
al performances to treat urban runoff using CWs were
attributed to larger surface areas, reduced water veloci-
ties, and reinforced settling and filtration by the root
network. Accordingly, the cell design of the HSFCW
in this study had 27 m of length, explaining the high
percentage of solid removal. However, we can suppose
that this percentage is so high, thanks to the efficiency of
previous mechanical treatments which avoid the
HSFCW saturation.

In accordance with our results, Puigagut et al. (2007)
showed BOD5 minimization of 75–93 % while COD
reduction of 50%was reported at the piggery effluent in
artificial plant treatment systems in the USA (Werblan
et al. 1978). Kadlec and Knight (1996) assessed the P
removal mainly by adsorption in the substrate and the
absorption by the plant. Both physico-chemical and
biochemical processes and the phytoextraction were
supposed to influence very positively the P minimiza-
tion in the HSFCWs. Since the P. australis tissues or the
substrate was not analyzed, we could not assess the
quantity of P absorbed by the plant and retained in the
substrate. These issues could be the aim of further
researches.

Similar researches indicated that more than 50 % of
the heavy metals can be adsorbed onto the particulates
of the wetland and they could be removed from the
water column by sedimentation (Sheoran and Sheoran
2006). Accordingly, the declined levels of total metals
observed in our study were consistent with the decrease
of suspended solids, COD, and BOD5 in our study.

The increase of nitrates after HSFCW was evident
(70 %). The macrophytes transport approximately 90 %
of the oxygen available in the rhizosphere. This stimu-
lates both aerobic decomposition of organic matter and
growth of nitrifying bacteria (Reddy et al. 1989; Brix
1997; Scholz 2006).

According to literature, Nitrosomonas sp. oxidizes
ammonia to nitrate while Nitrobacter sp. oxidizes nitrite
to nitrate (Bock et al. 1986; Willers et al. 1998).
Nitrification rates are influenced by factors like dis-
solved oxygen concentration, pH, and T. The optimum
value of pH for both species ranges between 7.5 and 8.0
(Bock et al. 1986; Antoniou et al. 1990; Willers et al.
1998), very close to the mean value of pH observed in
our study. Likewise, the average of T in the studied zone
seemed to be also suitable for their growth. Based on
NO3

− contents before and after the HSFCW and oppo-
sitely to other studies conducted by Vymazal (2002),
simultaneous reactions of nitrification-denitrification
could not be inferred. As a consequence, the nitrate
contents increased noticeably after the HSFCW treat-
ment. This fact could be identified as a limitation in the
N removal using HSFCW.

Most ions increased after the HSFCW treatment,
except for Ca+2 and Br−. Limestone was a material
expected to promote the precipitation of Ca phosphates
(Drizo et al. 1999). Because of this, a general decrease
of Ca+2 and P was observed in our study which could be
attributed to precipitation of the calcium phosphate.
Other authors reported that sodium, potassium, and
electrical conductivity increased with passage through
the trench (Finlayson and Chick 1983), supporting our
results.

Related to microorganism load, many studies point
out that fecal removal efficiency is generally excellent in
CWs, exceeding 95 % (Neralla et al. 2000; Steer et al.
2002). It may vary depending on the constructed wet-
land design, operational factors, substrate, temperature,
and wastewater (Haberl et al. 1995; Potter and
Karathanasis 2001). Even though we did not observe
so high percentage of removal, we could assess notice-
able efficiency of removal for TC (77 %), FC (64 %),
and FS (70 %) as well as Salmonella, Shigella, and
E. coli (100%). These results highlight the effectiveness
of HSFCW to reduce the pathogen numbers.

3.2.3 Bioremediation Using an Open Pond

Taking into account the values of the studied parameters
before and after the bioremediation treatment by
microalgae, the elements mainly removed were Zn
(74 %), Cu (69 %), total nitrogen (60 %), ammonium
nitrogen (60 %), organic nitrogen (49 %), and nitrate
(67 %). The microalgae growth caused an increase of
51% for STS and 14% for pH.Moderate percentages of

Fig. 4 Mean and standard deviation values of effluent according
to different treatments. a subterranean tank, b fan press screw
separator, c intermittent aeration discs-sludge thickener, d sedi-
mentation tank, e horizontal subsurface flow constructed wetlands,
and f storage pond. Percentages indicate increase and decrease
according to the different treatments and global treatments. Differ-
ent letters indicate significant differences between treatments
(P<0.05) according to Kruskal-Wallis andMann-WhitneyU tests.
(a) Chloride (Cl−), (b) bromide (Br−), (c) sulfate (SO4

−2), (d)
sodium (Na+), (f) calcium (Ca+2), and (g) magnesium (Mg+2)

R
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P removal were observed in the open pond which could
be explained based on the buffer action of the purified
pig slurry (de Godos et al. 2009). Although the highest
percentages of pathogenic microorganism decrease

were observed in the HSFCW, it continued in the open
pond. We found 18% decrease ofMA, 2 % in TC, 16%
in FC, and 19 % in FS. Therefore, Scenedesmus sp.
played an important role in the pollutant removal of

Fig. 5 Mean and standard deviation values of effluent according to
different treatments. A subterranean tank, E horizontal subsurface
flow constructed wetlands, and F storage pond. Percentages indi-
cate increase and decrease according to the different treatments and
global treatments. Different letters indicate significant differences

between treatments (P<0.05) according to Kruskal-Wallis and
Mann-Whitney U tests. (a) Aerobic mesophilic (MA), (b) total
coliforms (TC), (c) fecal coliforms (FC), and (d) fecal streptococcus
(FS)

Table 1 Salmonella, Shigella, and Escherichia coli

Samples Salmonella Shigella Escherichia coli

Raw pig
slurry

Constructed
wetlands

Pond Raw pig
slurry

Constructed
wetlands

Pond Raw pig
slurry

Constructed
wetlands

Pond

Positive 45 0 0 0 0 0 71 0 0

Negative 219 192 57 264 192 57 193 192 57

Total 264 192 57 264 192 57 264 192 57

% positive 17 0 0 0 0 0 27 0 0
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the pig slurry, mainly nitrate which increased in the
HSFCW. The optimal metabolic kinetics of microalgae
takes place in the range of 15–30 °C (Molina-Grima
1999), similar to the conditions in our study zone.

The first microalgae-based bioremediation studies
were carried out with domestic wastewaters 50 years
ago in California (Oswald et al. 1957). These prelimi-
nary works showed that heterotrophic bacteria need
oxygen for the degradation of the organic matter which
could be supplied by microalgae. Meanwhile, bacteria
provide the carbon dioxide and the nutrients (N and P)
that microalgae need in the photosynthesis. In the same
way, de Godos et al. (2010) studied the performance of
microalgae consortia isolated from ponds of pig slurry.
They assessed the microalgae positive effect in
biodegrading pig slurry.

4 Conclusion

The purification system tested in this study has achieved
noticeable decreases in potential pollutants from pig
slurry: 89 % for TSS, 100 % for SS, 90 % for BOD5,
91 % for COD, 97 % for TP, 96 % for Cu, 92 % for Zn,
89 % for TN, 87 % for NH4

+-N, 91 % for ON, 42 % for
Ca+2, 78 % for TC, 70 % for FC, 75 % FS, and 100 %
for Salmonella, Shigella, and E. coli. Based on the
significant differences found among treatments, it can
be concluded that each module contributed to purify the
pig slurry.

The mechanical treatments helped to improve the
removal of potential pollutants in the HSFCWs,
avoiding substrate saturation and clogging. The highest
decrease of solids, organic load, and P was achieved in
the HSFCWs. Conversely, the highest removal of the
different forms of nitrogen was achieved in the open
pond. This fact points out the effectiveness of the
phytoextraction by P. australis and the bioremediation
through microalgae in the pig slurry purification.
However, some limitations in the nitrate removal were
observed in the HSFCWmodule where modifications of
the design should be included in order to enhance the
simultaneous nitrification-denitrification processes.
Additionally, the purification system should increase
the efficiency of salt removal.

Nonetheless, the purification system could be con-
sidered as a suitable option to efficiently treat and man-
age the pig slurries and to minimize environmental and
human risks.
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