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Abstract

Background: The swine production is a very important economic matter, occupying prominent position in the
worldwide market. However, it appears as the greater impacting activity for the water resources. Researches point a
swine manure production of 105.6 million m*/year in Brazil, which resulted in a piggery wastewater rich in solids,
nutrients, heavy metals, and pathogens. Moreover, the water consumption for swine production is approximately
15 L/animal/day in southern Brazil, resulting in an unsustainable water resource demand. Thereby, this study verifies
the viability of two parallel stabilization reservoirs as a technology for polishing treated piggery wastewater. This
technology has been shown effective in reducing organic matter, nutrients, and pathogens in the treatment of the
effluents with low or high organic load rate. The reservoirs can improve effluent quality with minimal energy costs
to simple operations. The technique would promote the value of the effluent through its reuse for agricultural
irrigation. The study was conducted at a farm in the city of Braco do Norte, Santa Catarina, in southern Brazil; this
region has one of the largest densities of pigs in the world, which causes serious environmental problems.

Results: The effluent monitoring program included operation during both cold seasons (period 1) and warm
seasons (period ). The performance of the reservoirs improved continuously during the cold seasons, with the
removal efficiencies of total biochemical oxygen demand (BODs), total Kjeldahl nitrogen (TKN), and Escherichia coli
reaching 52%, 64%, and 99.9%, respectively, with an effluent concentration of 144 mg-L’1 for BODs and 256 mg'L’1
for TKN. During the warm seasons, the BODs, TKN, and E. coli removal efficiencies increased to 85%, 77%,

and 99.9%, respectively, with an effluent concentration of 52 mg-L’Wfor BODs and 136 mg-L’1 for TKN, which
indicates that seasonal factors greatly influence the removal of these variables. E. coli concentrations were not
verified into stabilization reservoirs on both periods.

Conclusions: The results of this study confirmed that the stabilization reservoirs are capable experimental units
promoting improved quality of the treated effluent. A seasonal influence was evident. The results demonstrated
that the effluent was a good alternative for unrestrained irrigation use. The microbiological quality complies with
the World Health Organization recommendations. The reuse of this treated effluent can reduce pig manure impacts
on the environment and water resources.
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Introduction water sources offer complementary supplies that can be
Freshwater resources and population densities are un- used to partially relieve water shortages in regions where
evenly distributed worldwide, and water demands already = renewable water resources are extremely scarce (Oweis
exceed the available supply in many regions of the world. et al. 2004) and in regions with frequent drought periods,
Agricultural irrigation is the largest single usage of water  such as southern Brazil (Quadros and Lourengo 2002).
(Food and Agriculture Organization FAO 2003). In Wastewaters from urban and agricultural sources have
addition to conventional resources, non-conventional great potential for reuse as sources of water, organic
matter, nutrients, and soil conditioning agents. However,
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from exposure to pathogens (Qadir and Oster 2004).
Piggery wastewater contains high concentrations of ni-
trogen, phosphorus, and organic matter in both soluble
and particulate forms. The volume of wastewater pro-
duced and its composition mainly depend on specific
animal nutrition and farming practices. Direct piggery
wastewater discharge can cause eutrophication of water
bodies or soil contamination due to nitrate infiltration
(Flotats et al. 2009). Brazil's water reuse regulations are
not clearly established; the water quality standards in the
literature are mostly related to the reuse of effluent from
sewage treatment plants, and these standards are based
on or supplemented by worldwide recommendations
and regulations (Blum 2003). However, agricultural was-
tewater reuse is a common practice even without spe-
cific guidelines.

Farms in Brazil generally use biodigesters and
stabilization ponds for the treatment of piggery waste-
water because such systems are natural biological treat-
ment processes with a high potential for managing
manure. However, the high concentration of algal bio-
mass, nutrients, organic matter, and pathogens in the ef-
fluent requires final polishing (Belli Filho et al. 2001). In
this context, the development of low cost technologies
that promote the additional removal of these pollutants
and allow the reuse of treated effluent is essential for the
establishment of sustainable farming practices.

Storing wastewater in reservoirs can improve micro-
biological quality and significantly reduce the high con-
centrations of organic matter and nutrients with
minimal energy costs to simple operations. These sys-
tems are presented as a key component in the treatment
of agricultural wastewater preceding its reuse in irriga-
tion (Friedler et al. 2003). Given these considerations,
the aim of this study is to verify the viability of treated
piggery wastewater for reuse in agricultural irrigation.
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Methods

Experimental site

The experiment was conducted at a farm in the city of
Braco do Norte, Santa Catarina, in southern Brazil (lati-
tude 28°15'30” and longitude 49°10'30"), which is in the
region of the country that has the highest swine density.
The farm had approximately 3,000 full-cycle animals,
with 200 matrices, that were all kept in a confined sys-
tem. The site includes rugged topography that makes
agricultural land disposal difficult. The daily flow rate of
produced piggery wastewater was 20 m’.day'; 15
m’day' was sent to the treatment system, and the
remaining 5 m>day ' was stored in a settling pond for
use in agricultural irrigation as a nutrient source. The
farm's treatment plant consisted of a biodigester fol-
lowed by an anaerobic pond, a facultative pond, and a
maturation pond; a rock filter was used for effluent pol-
ishing (Figure 1).

Experimental units and operational conditions

The stabilization reservoirs (R1 and R2) used in this re-
search were two identical fiberglass circular tanks
(Figure 2A) operated in parallel as a batch system, with
the following physical characteristics: a total volume of
10 m® each, a depth of 2.5 m, a base diameter of 2.1 m,
and a surface diameter of 2.4 m. The reservoirs were fed
with treated piggery wastewater taken from the matur-
ation pond of the tertiary stabilization ponds. The reser-
voirs (R1 and R2) were operated in batch cycles with
two distinct periods: period I was during the cold sea-
sons, and period II was during the warm seasons. Sam-
ples for monitoring the performance of the reservoirs
were taken weekly from R1 and R2 at 10:00 to 11:00 am.
The samples were collected from the central point of the
reservoir at depths of 0.15, 1.15, and 2.00 m from the li-
quid surface (Figure 2B); such sampling was carried out
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sampling points.

Figure 2 Pilot stabilization reservoirs and sampling points. (A) Picture of the pilot stabilization reservoirs; (B) schematic illustration of the

in order to verify the existence of water column stratifi-
cation. Stratification of water columns determines the
general availability of light and nutrients for phytoplank-
ton growth affecting the removal efficiencies of the
reservoirs and implies on the phytoplankton dynamics
affecting its mortality by sedimentation. A total of 45
samples (1) were collected from each reservoir during
period I, and during period II, 66 total samples were
taken from R1, while 42 total samples were taken from
R2. The main characteristics of the raw manure and the
treated piggery wastewater used in this study are pre-
sented in Table 1.

Analytical methods

The samples were analyzed for pH, temperature, dis-
solved oxygen (DO), total chemical and total biochem-
ical oxygen demand (COD and BODs, respectively), total
dissolved solids (TDS), total Kjeldahl nitrogen (TKN),
total phosphorus (TP), chlorophyll a, total coliforms,
Escherichia coli (E. coli), and the sodium absorption ratio
(SAR). The dissolved oxygen concentration, pH, and
temperature inside the reservoirs were measured online
with a multiparameter sonde (YSI 6600; YSI Inc., OH,
USA). All analyses were conducted according to Stand-
ard Methods (American Public Health Association
APHA 2005). The COD concentration was determined
by the closed reflux, colorimetric method (Standard
Method (SM) 5220 D). The BOD5 was determined using
the manometric method (SM 5210 D), in which the

sample was digested during 5 days of incubation on a
shaker base at 20 + 1°C. The TDS were determined
using SM 2540 B, in which the samples were centrifuged
at 4,000 rpm for 20 min and dried to a constant weight
at 105°C. TKN was determined using acid digestion and
distillation followed by back titration of the boric acid
distillates using 0.02 N sulfuric acid (SM 4500-N org B).
Chlorophyll a was determined by the colorimetric
method (Nush 1980) with extraction in 80% ethanol.
The samples were filtered within 12 h of collection, and
the filter was frozen prior to extraction. Total coliform
and E. coli analyses were performed using a chromo-
genic medium (Colilert-IDEXX®; IDEXX Laboratories,
Inc., ME, USA). The samples were analyzed using the
Quanti-Tray®/2000 (IDEXX Laboratories, Inc.) method
and were incubated at 37°C for 24 h. Yellow wells indi-
cated total coliforms, and yellow/fluorescent wells indi-
cated the presence of E. coli. The evaluation of potential
risks associated with soil permeability, such as salinity
and sodicity, was based on the diagram by the US Salin-
ity Laboratory Staff (Ayers and Westcot 1985) of the re-
lationship between electrical conductivity (EC) and the
SAR in the effluent.

Statistical analysis

In order to verify the presence of the stratification
throughout the reservoirs' depth, the analysis of variance
(ANOVA) with STATISTICA® 7.0 software was per-
formed. The Tukey test with 5% of significance level was

Table 1 Characteristics of the raw manure and the treated piggery wastewater (n = 22)

Variables Raw manure Piggery wastewater after Average effectiveness
(mean + SD?) the maturation pond of the maturation
(mean + SD?) pond (%)
BODs (mg-L’W) 10,544 + 7,501 660 £ 16 94
TKN (mg~L71) 1,394 + 677 918 £ 61 34
TP (mgL™") 361 + 257 120 + 15 67
E. coli (MPN/100 mL) 18 x10° 82 x 10° 2°

2Standard deviation, Peffectiveness measured in log units.
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used to compare the average values of the variables
obtained between the three depths of the samples
points.

Results and discussion

After statistical analysis, no difference was observed for
values obtained between the three depths of the sample
points (Figure 2B). Thereby, the results presented in this
study are based on average values of the sampling layers.
Despite the large difference between the sampling layers
(approximately 1.0 m), it is possible that the small sur-
face area (approximately 4.5 m?) of each sample point
has contributed to none thermal stratification. In
addition, the reservoir arrangement on the surface, not
buried, may also have contributed to none stratification;
the walls of the reservoirs are fully exposed to sunlight,
which allows homogeneous distribution of heat through-
out the reservoirs' depth.

In situ measured variables and algal biomass
During the 11 months of monitoring, two distinct peri-
ods were clearly differentiated based on seasonal influ-
ences: period I included the cold seasons, and period II
included the warm seasons. Table 2 shows the dissolved
oxygen concentration, pH, and temperature results.
During period I, the temperatures in both reservoirs
averaged to 17°C, with a decrease from 19°C during the
fall season to 16°C during the winter season. DO
increased during this period from average values from
1.0 to 1.5 mgL™". Period II, which included the warm
seasons, had temperatures that ranged from 22°C to
27°C (with average values of 25°C). In the early spring,
the rising solar radiation intensity resulted in rising tem-
peratures, which allowed for a high rate of photosyn-
thesis. This increase can be verified by the chlorophyll a
concentrations (Figure 3), which remained in the range of
200 to 300 pg-L ™" during this period. Afshar and Saadatpour
(2009) investigated the eutrophication of deep reservoirs
and reported that the concentration of chlorophyll a
within a reservoir is highly dependent on the total nutrient
load and climatic conditions, such as temperature and
solar radiation. Moreover, they obtained results that were
similar to the present study and reported that as the
temperature or total nutrient load drops, the algal growth
rate diminishes.
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The high rate of photosynthesis verified at the begin-
ning of period II (warm seasons) led to an increase in
DO concentrations. This increase in DO was particularly
consequential at the beginning of period II when DO
concentrations over 3.0 mgL™' were recorded, which
contributed to the greater efficiency of physical-chemical
removal during this period (Figures 4 and 5). The pH
values averaged 7.9 + 0.2 throughout the monitoring
period. The reservoirs were found to be an effective buf-
fer unit for maintaining an effluent with a pH of ap-
proximately 8.

Physical-chemical removal performance
The average concentrations of total COD, total BODs,
TKN, and TP in the influent entering the reservoirs were
2,340, 280, 700, and 74 mg-L ™" during the cold seasons
and 1,800, 403, 540, and 72 mg-L ™" during the warm sea-
sons, respectively. The quality of the effluent was opti-
mal at the end of the warm seasons when the reservoir
contents had relatively low concentrations of COD,
BODs;, TKN, and TP, and the removal efficiencies of the
physical-chemical variables were all at their highest.
Figure 4 shows the concentrations of COD and BODs
for both reservoirs during the two distinct seasonal peri-
ods. During period I, the performance of the reservoirs
improved continuously, and after 120 days of storage,
the COD removal efficiency for R1 and R2 (Figure 4A)
reached 58% and 70%, respectively, with an effluent con-
centration of 941 mg.L™" for R1 and 563 mg:L™" for R2.
The main difference between the reservoirs was that R1
was used during fall and winter, while R2 was operated
mostly during winter with low temperatures and a less
concentrated influent. The results from period II show
that during the warm season (Figure 4A), the COD re-
moval efficiency for R1 after 190 days of storage
increased to 78%. For R2, after 130 days of storage, the
concentration remained in the same range as in period I,
with a removal of 66%. During period II, the reservoirs
produced an average effluent COD concentration of 479
and 485 mgL™" for R1 and R2, respectively. These
results match those verified by Barthel et al. (2008), who
reported an effluent concentration of 435 mg-L ™ (COD)
using maturation ponds to treat piggery wastewater with
an organic surface loading rate of 32 kg COD-ha™'.day™*
and a hydraulic retention time of 70 days.

Table 2 Results of the in situ measured variables during the studied periods

Variables Reservoir R1 Reservoir R2
Period I (n = 45) Period Il (n = 45) Period | (n = 66) Period Il (n = 42)
Fall Winter Spring Summer Winter Spring Summer
pH 81+03 79+03 79+02 79 +£02 80+02 79 +02 79+ 0.1
DO (mg~L’]) 1.0+ 06 15+£05 15£14 15+ 05 1.1+06 3.1£06 14 £05
Temperature (°C) 191 £ 28 162 £ 20 231 £ 27 264 £ 1.8 166+ 23 242 +£22 271 £13
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Figure 3 Chlorophyll a concentrations for R1 and R2 during (A) period | and (B) period II.

The average BODs concentrations (Figure 4B) in the
R1 effluent ranged from 131 mgL™" in period I to 66
mg-L ™" in period II, which corresponded to removal effi-
ciencies of 52% and 86%, respectively. Effluent concen-
trations for R2 varied from 144 mg.L™" in period I to 52
mgL™" in period II, which corresponded to efficiencies
of 46% and 85%, respectively. The quality of the effluent
was optimal at the end of the warm seasons in both
units. This result could likely be due to the long storage
time (190 days for R1), suitable temperature (25°C on
average), the nutrient conditions, and higher biomass
concentrations (Figure 3) during this period. Costa et al.
(2006) studied a maturation pond for treating piggery
wastewater with an organic surface loading rate of 35 kg
BOD-ha '.day ' and observed that the organic matter

concentrations decreased to 788 mg-L’1 (COD) and 307
mg'L’1 (BODs5) with removal efficiencies of 24% and
18%, respectively.

Figure 5 shows the concentrations of TKN and TP
during the storage periods. It is shown that the reservoirs
differed in their capacity to remove nitrogen and phos-
phorus, as was observed with the organic matter removal.
This behavior could be explained by the storage period,
which in this study was dependent on the seasonal influ-
ence. The temporal variation of TKN concentrations in
the reservoirs during the two periods is presented in
Figure 5A. These concentrations decreased throughout
the storage periods, with an average effluent concentra-
tion that was higher during the cold seasons (250 mg-L ™"
for R1 and 256 mgL ™" for R2) than in the warm seasons
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Figure 4 Concentrations of COD (A) and BODs (B) in R1 and R2 during the studied periods.
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(136 mgL™" for R1 and 121 mgL™" for R2). These con-
centrations corresponded to the removal efficiencies of
approximately 65% and 63% during period I for R1 and
R2, respectively, and 77% and 74% during the period II
for R1 and R2, respectively. These results are in agree-
ment with those obtained in the studies conducted by
Costa et al. (2006) that showed a removal efficiency of 68%
for TKN, with an effluent concentration of 112 mgL™.
Barthel et al. (2008) also showed a removal efficiency in
the range of 74%, with an effluent concentration of
114 mg-L™". The primary mechanisms for the removal of
nitrogenous nutrients were likely algal assimilation and
sedimentation, as the registered pH values (<9.0) would
not stimulate the volatilization of ammonium nitrogen.
The effluent temperatures were in the range of 20°C to
30°C, with a pH of 8.0, which resulted in percentages of
non-ionized ammonia between 3.82% and 7.46%.

Figure 5B shows TP concentrations for the reservoirs.
R1 showed variability in TP concentrations during the
cold seasons, with an average of 56 mgL™', which
resulted in a low removal efficiency of approximately
43%. During the warm seasons, the TP removal effi-
ciency increased (70% for R1 and 68% for R2), and R2
exhibited lower concentrations in the effluent of ap-
proximately 13 mg-L™'. According to El Halouani et al.

(1993), TP can be removed by assimilation of the bio-
mass (bacterial and algal) and by chemical precipitation,
and pH values of greater than 7.6 could result in a re-
moval efficiency of greater than 75% due to the precipi-
tation of calcium phosphate.

Bacterial removal performance

Figure 6 shows the coliform die-off in the reservoirs.
Bacterial indicators of fecal contamination are present in
high concentrations in the influents, and the reservoirs
reduced the density of fecal microorganisms by 90% to
99.9%. It was observed that there was a gradual decrease
of the values to concentrations that were lower than 10°
MPN-100 mL™ for total coliforms. E. coli concentrations
were not verified for R1 within 60 and 30 days for peri-
ods I and II, respectively. R2 demonstrated the same re-
sult within 30 days in both periods. According to Keraita
et al. (2008), the fecal coliform die-off exhibits an expo-
nential decrease in stabilization ponds, where the rates
are higher during the initial days of storage and then de-
crease during the remainder of the monitoring period.
These two phases can be clearly observed in the die-off
of E. coli presented in Figures 6A,B, with an exponen-
tially decreasing phase early in the storage period and a
slower or stable phase during the rest of the period.
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During period I, the removal of the concentration of
total coliforms was two orders of magnitude, and it was
three orders of magnitude during period II. E. coli re-
moval reached four orders of magnitude for both periods
(I and II); these values of bacterial removal are compar-
able to those in the range of 3 to 4 log units as reported
by Macauley et al. (2006). The results of that study, which
used chlorine and ozone for the disinfection of piggery
wastewater stabilization ponds, showed final coliform
concentrations ranging from 10° to 10* MPN-100 mL ™.
The main mechanisms of the coliform die-off were the
large storage periods with no effluent input during moni-
toring, as well as the solar radiation and water temperature
that remained in the same range throughout the depth of
the reservoirs. These reservoirs were not buried, and their
walls were completely exposed, which promoted homoge-
neous heat distribution. Cirelli et al. (2009) used similar
conditions in a study of E. coli concentrations in a

wastewater reservoir. They reported significant correla-
tions between the die-off coefficient and the solar radi-
ation intensity and water temperature. These authors also
observed that E. coli removal was faster during batch
operations of the reservoirs.

Risks in soil salinity-sodicity
Table 3 summarizes the results of variables for water reuse
in irrigation and shows the risks of changes to soil salin-
ity-sodicity. An increase in the soil sodium concentration,
compared to the remaining soil concentration of calcium
and magnesium (soil sodicity), can cause soil waterproof-
ing. This condition, which is associated with an increase
in soil salinity, affects the water infiltration rate in the soil
(Blum 2003).

It was observed that the decrease in TDS concentra-
tion changed the risks of soil sodicity for R2 during
period II. The lowest average values of TDS (1,833 + 202

Table 3 TDS, EC, SAR, and risks to soil salinity-sodicity during periods | and Il for the experimental reservoirs (R1 and R2)

Experimental Period TDS (mg-L"1) EC SAR Risk

reservoirs mean + SD (uS-cm™) (n>4) Salinity Sodicity

R1 I (n = 45) 2,393 £ 115 3,739 6.9 Very high Moderate
Il (n =66) 2,157 + 225 3,371 6.0 Very high Moderate

R2 | (n = 45) 2,922 + 212 4565 6.8 Very high Moderate
Il (n = 42) 1,833 + 202 2,863 43 Very high Slight
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and 2,157 + 225 mg~L’1) were obtained in period II,
which resulted in lower EC values; therefore, fewer
restrictions of the effluent's reuse were found during the
warm seasons. According to Costa et al. (1995), piggery
wastewater has a high TDS concentration, which can re-
sult in high levels of EC (2,000 to 5,000 uS~cm’1).

The recommendations for agricultural irrigation in
Brazil (Bernardo 1995), based on the diagram by the US
Salinity Laboratory Staff (Ayers and Westcot 1985), re-
port that an effluent with very high salinity (from 2,250
to 5,000 pS-cm™') can be used in well-drained soils and
with crops that have a high salt tolerance. An effluent
with a slight sodicity risk can be used in most soils.
However, irrigation using effluent with moderate sodicity
risk requires organic soil that has good permeability, and
the irrigation reuse of this effluent type should be
avoided for fine-textured soils.

Benevides et al. (2008) studied wastewater stabilization
ponds for agricultural irrigation and reported an EC value
of 781 uS-cm™ and a SAR average value of 5.3, indicating
a slight risk of soil sodicity and a high risk of soil salinity.
However, Leal et al. (2009), using treated wastewater for
sugar cane irrigation in the city of Lins, Sdo Paulo, Brazil,
reported a SAR value of 10.9 and an EC of 840 pS-cm™.
These authors found an increase in soil sodicity with con-
tinuous use of effluent irrigation. However, they obtained
good results for sugar cane crop growth and concluded
that the treated sewage irrigation should not be used to
supply 100% of the water for crops.

Comin et al. (2007) evaluated the effects of using pig-
gery wastewater and mineral fertilizer (urea) on the soil
quality and crop yields of oat and corn. The authors
observed the occurrence of soil acidification with the
use of the chemical fertilizer (urea). Moreover, they veri-
fied that the crop yield of oats was not influenced by the
difference between the types of fertilizers. Additionally,
the yield of corn crop that was treated with piggery was-
tewater irrigation was similar to that of the chemical
fertilizer treatment, and both treatments showed a
higher corn crop yield than the unfertilized treatment.

Conclusions

The results of this study confirmed that the stabilization
reservoirs are capable experimental units for reaching
satisfactory removal efficiencies, promoting improved
quality of the treated effluent, and decreasing organic
matter, nutrient and pathogen concentrations. A sea-
sonal influence was evident, and major removal efficien-
cies were observed with greater effluent stabilization
during the warm seasons.

At the end of the storage periods, the results pointed
to the effluent as a good alternative for unrestricted irri-
gation, which allows farmers and consumers to have free
access to the crops. The microbiological quality complies
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with the WHO (2006) recommendations which advise
that E. coli concentrations should be lower than 10°
MPN-100 mL™" to present no health risk from direct
contact with the effluent. Risks in soil salinity-sodicity
allow the effluent to be reused for irrigation, provided
that the effluent is not continuously applied.

The reuse of this treated effluent can reduce pig ma-
nure impacts on the environment and water resources.
Furthermore, this practice promotes the sustainable use
of water sources, which would reduce water consump-
tion once it is possible to substitute part of the water
used for irrigation with this treated effluent, which
would be especially valuable during periods of drought.
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