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ABSTRACT: We evaluate the application of treated sanitary wastewater (TSW) to provide
potassium for crops and reduce demand for fresh water and mineral nutrients. The field experiment
was arranged in randomized block design with four replications and five treatments: 50, 100, 150 and
200% of potassium requirements and a control with conventional fertilizer. The TSW was applied to
maize (November 2012 to February 2013), cotton (June to November 2013) and bean (April to June
2014). After bean, soil chemical properties were evaluated until 0.8 m depth. Fertigation with TSW
to potassium fertilization provided about 50% of water, nitrogen and phosphorus to the bean. The soil
nutrient availability and soil organic matter did not increase, whereas sodium had linear increased
with TSW levels in investigated soil depth. Soil pH showed same behavior that sodium, with the
highest pH level of 6.5 in 0-0.2 m soil layer. Soil nutrients and organic matter did not increase with
TSW doses up to 0.8 m depth. Soil pH and sodium had linear increasing with TSW doses, respectively
up to 0.6 and 0.8 m soil depth. Fertigation with potassium recommendation also provided a high
content of sodium, threatening the balance of soil-plant system with continuous use. The sodium
should be the first reference to permanent wastewater reuse in agriculture.
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INTRODUCTION

In Brazil, water availability and quality are threatened in many watersheds, because of high
demand for urban, industrial and agricultural uses, besides the released of sanitary wastewater into
water bodies (BRASIL, 2013). The sanitary wastewater as a source of water and nutrients in
agriculture is one of the best choices for dealing with the water crisis, keeping agriculture output and
minimizing surface water contamination and environmental impacts. However, their use should be
careful because of the soil salinity and sodicity risks, crop yield restriction, groundwater
contamination, heavy metals, toxic and pathogenic load (QADIR et al., 2010).

In recent years, many investigations of wastewater reuse in agriculture were based on irrigation
criteria, replacing full water requirements of crops with wastewater, resulting in problems like
nitrogen losses by leaching (LEAL et al., 2010; BLUM et al., 2013) and increased soil salinity and
sodicity, usually in short time (KIZILOGLU et al., 2008; VARALLO et al., 2012), with risks to soil-
plant system according to wastewater composition (MUYEN et al., 2011).

A better way to wastewater fertigation is the criteria of composition, balancing application rate
with plant nutrition and soil fertility, reducing wastewater volume and expanding crop area with
remaining water requirements supplied by other sources. Thus, investigation of composition criteria
for long-term wastewater reuse, considering damage risk and soil buffering capacity are required.
This study aimed to evaluate changes in soil chemical properties, after common bean with crop
rotation and fertigation with treated sanitary wastewater, based on potassium requirements.
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MATERIAL AND METHODS

The field experiment was developed in the Experimental Area of Companhia de Saneamento
de Minas Gerais — COPASA, the sanitation company of Minas Gerais, Janatba, Minas Gerais, Brazil
(15°46° 12.6” S, 43° 19’ 13.5” W, 530 m), near the municipal sewage treatment plant (STP), of the
same company. The STP have a preliminary treatment, followed by secondary treatment with upflow
anaerobic sludge blanket reactor and tertiary treatment with a facultative pond and two maturation
ponds in sequence and a discharge of treated sanitary wastewater (TSW) that was used in this
experiment. In Janadba city, the climate is tropical with dry winter and the soil is a Eutrophic Red
Latosol (Oxisol) with sandy clay texture up to 0.60 m deep, and clay loam from 0.60 to 0.80 m (Table
1).

TABLE 1. Chemical and physical soil properties before treated sanitary wastewater disposal on maize.

Soil depth pH OM P K Fe Na Ca BS Sand Silt Clay
m gkg? ——mgdm®—— -cmolcdm®- % g kg?
0.0-0.20 6.6 15 3.5 138.8 17.9 0.13 35 764 517 222 261
0.20-0.40 64 8.0 1.7 123.5 14.8 0.12 29 684 486 184 330
0.40-060 6.1 50 14 77.8 15.1 0.12 28 628 441 192 367
0.60-0.80 58 3.0 14 59.3 14.7 0.11 27 625 429 180 391

OM: organic matter; BS: base Saturation.

The experimental trials evaluated the effects of fertigation with treated wastewater in the soil
properties and crop yield in succession planting. The experimental plot area was cultivated with maize
(November 2012 to February 2013), cotton (June to November 2013) and common bean (April to
June 2014) with bean cultivars BRSMG Madrepérola and Ouro Negro in subplots.

Four potassium doses (50, 100, 150 and 200% of potassium dose recommendation) were
supplied by treated sanitary wastewater. A control treatment (MF) was performed without treated
sanitary wastewater, supplying 100% of potassium, nitrogen and phosphorus from conventional
mineral fertilizer and irrigation with clean water (BRASIL, 2011).

A randomized block design with four replications and 20 experimental units were used, with
the same treatments for the three crops. Plot size was 5.9 m long and 5.4 m wide, with one drip line
beside each one of the six rows.

Bean sowing was made on 04/04/2014, and crop cycle started with 80% of minimum
emergence, keeping plant stand of 12.8 plants m, equal to 277.778 plants ha*. Plot harvest occurred
80 days after emergence.

The control treatment was fertilized with mineral sources (100 kg ha* of N, 90 kg ha* of P,0s
and 40 kg ha of K20), in five fertigations between 7 and 47 days after emergence. When nitrogen
and phosphorus recommendation were not full supplied by wastewater, they were completed by
fertigation with urea and purified mono-ammonium phosphate, on the same day of the control
treatment fertigation.

All irrigation scheduling was performed every two days, using crop evapotranspiration (ETc),
estimated by Hargreaves-Samani equation (ETo), crop coefficient (Kc) and meteorological data from
a portable weather station mounted in the experimental area (ALLEN et al., 2006). After the supply
of TSW to provide the potassium levels, crop water demand was completed with the same clean water
from control.

Analysis of the treated sanitary wastewater was performed monthly for determining chemical
constituents, according to APHA (2012). These results were used on the next month to calculate
treated sanitary wastewater dose for each treatment.

Soil samples were collected in the bean rows after harvest, in the layers 0-0.2, 0.2-0.4, 0.4-0.6
and 0.6-0.8 m to measure pH in water, soil organic matter, P, K, exchangeable Na, Ca, Mg, Fe, Zn,
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Mn, B, Cu and soil potential acidity, according to DONAGEMA et al. (2011), obtaining the sum
of bases, base saturation and potential cation exchange capacity.

In each soil layer, data was submitted to analysis of variance (ANOVA) and linear regression
with SAEG 9.1. Regression models were chosen according to coefficients of significance, R-squared,
and the ability to explain the phenomena studied. Regressions of potassium and phosphorus levels
were not made because control treatment was fertilized with mineral sources, without zero nutrient
level. So, we used the Dunnett test (p < 0.05) to compare treated sanitary wastewater levels of these
nutrients with control.

RESULTS AND DISCUSSION

In the autumn, between cotton harvested in November 2013 and the bean planting in April
2014, occurred 482 mm of rainfall. A very low rainfall over bean growth (Table 2) was expected due
sowing in April, after the rainy season, resulting in total water demand provided by drip irrigation
system, with TSW treatments providing 11 to 44.5% of irrigation.

TABLE 2. Treated sanitary wastewater (TSW) requirements, effective rainfall (rain), supplementary
net irrigation depth (IR) and total irrigation depth (Total) applied to experimental plots
during bean cycle.

T TSW Rain IR Total

reatment
mm

MF 0.0 1.1 413.4 4145

50% 46.1 1.1 367.3 4145

100% 91.7 1.1 321.7 4145

150% 137.8 1.1 275.6 4145

200% 184.3 1.1 229.1 4145

MF: clean water irrigation and mineral fertilizer top-dressing with 40 kg ha! of K20; 50 to 200% of K20 recommendation for bean
provided by TSW.

The low concentrations of micronutrients in treated sanitary wastewater were satisfactory to
reuse, but sodium had a higher concentration than potassium (Table 3). The treated sanitary
wastewater provided up to 200% of potassium recommendation for bean, with saving up 49.5% of
100 kg ha* of nitrogen and 41% of 90 kg ha of phosphorus recommendations (Table 4). However,
with 100% of potassium recommendation, just 31.1% of nitrogen and 20.7% of phosphorus were
provided by treated sanitary wastewater.

During bean yield, 40.1 to 160.4 kg ha™* of sodium were applied by treated sanitary wastewater,
matching with 50 to 200% of potassium recommendation. If we add sodium provided by wastewater
in prior yields (maize and cotton), the plots received 203 to 795 kg ha* of sodium with the same
potassium levels.

The exchangeable sodium average in all soil layers fitted to the linear regression model, as a
function of treated sanitary wastewater depth (Figure 1). The exchangeable sodium predicted by fitted
equations were up to 0.306, 0.348, 0.364 and 0.273 cmol. dm™ from the surface to the deepest layer.

Considering previous levels of soil exchangeable sodium (Table 1), the soil profile accumulated
10.2, 13.2, 14.1 and 9.4% to 0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8 m depth, respectively, from the 795
kg hal of sodium provided by wastewater or 46.9% up to 0.8 m depth. Exchangeable sodium
enrichment in the soil profile is common with wastewater irrigation to replenish total crop water
demand (LEAL et al., 2009; SILVA et al., 2010; ZEMA et al., 2012; HENTATI et al., 2014).
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TABLE 3. Physicochemical characterization of treated sanitary wastewater provided to the bean.

Variable Average* SD Variable Average* SD

COD (mg L) 166.5  + 44.00 B (mgL?) 0.03 + 0.001
Niotal (Mg LY) 5050 + 0.60 Fe (mgL?) 0589  + 0.058
K (mg LY 3787 + 1.773 Mn (mg L?) 0.10 + 0.0
Na (mg L?) 87.51 + 3.144 Zn (mg L) 0.061 + 0.019
Ca(mgL? 1593  + 0.97 Cu(mg LY 0.007 + 0.0
Mg (mg L) 10.63 + 432 pH 7.60 + 0.064
P(mgL?) 8.82 + 0.73 EC (dSm%) 1.093 + 0.020
Cl (mg L% 1371 + 556 RAS (mmol L)%° 4165 - -

*Monthly sampling average. Chemical oxygen demand (COD); Total nitrogen (Ntwta); Electrical conductivity of TSW (EC); Na
adsorption ratio (SAR). Standard deviation (SD) equal to 0.00 are non-detection analysis used to minimum measure as result.

TABLE 4. Nutrients and sodium (Na) provided by mineral fertilization (MF) and treated sanitary
wastewater (TSW) during the bean cycle.

Nutrient / element added to soil (kg ha™)
N P20s K20 Na
MF TSW Total MF TSW Total MF TSW Total MF TSW Total
MF 1000 0.0 1000 90.0 0.0 90.0 400 00 400 00 00 0.0
50% 78.0 221 100.1 81.0 9.3 90.3 00 201 201 00 401 401
100% 69.0 311 1001 710 186 896 00 398 398 00 798 7938
150% 62.0 403 1023 620 279 899 00 599 599 0.0 1199 1199
200% 61.0 495 1105 520 373 893 0.0 80.1 80.1 0.0 1604 160.4

*N available to plants; Treat. treatment; MF: clean water irrigation and 40 kg ha'* of K20 as mineral fertilizer; 50 to 200% of K20
recommendation for bean supplied by TSW.

*

Treat.

There was no change in exchangeable calcium (Ca) up to 0.60 m depth (Figure 1). In the deepest
layer, calcium decrease with treated sanitary wastewater depth, related to calcium leaching after
displaced by sodium from negative charges of soil colloids. Magnesium did not differ between
treatments to all soil layers. The average magnesium was 1.41, 1.2, 0.85 and 0.8 cmolc dm™ to 0.0-
0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8 m depth, respectively.

The alkaline pH of treated sanitary wastewater (Table 3) linear changed soil pH up to 0.60 depth
(Figure 1), without effect in the deepest layer. Organic matter decomposition can decrease soil pH
because of organic acids formation in the first stage of anaerobic phase decomposition (MATOS,
2014), similar to irrigation with raw wastewater (KIZILOGLU et al., 2008; SANTOS et al., 2015).
However, with time, continuous release of organic waste promotes soil pH increase due to the base
cations from organic matter mineralization (GALVAO et al., 2008).
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FIGURE 1. Average content of exchangeable Na, Ca and pH in the soil layers after bean with different

sources and levels of potassium doses (40 kg ha™* of K2O = 100%). o Mineral fertilizer, 50, o
100, A 150 and m 200% of K20 recommendation for bean supplied by treated sanitary wastewater (TSW). Significant
at (**) 0.01 and (*) 0.05 level by the t-test. Significant at (°) 0.10 level or less to (R?) model by the F-test.

Wastewater application change soil pH close to wastewater pH (XU et al., 2010), which can be
amphoteric properties (PEREIRA et al., 2011). Thus, continuous release of wastewater can increase
soil pH (PEREIRA et al., 2011; REZAPOUR & SAMADI 2011; HENTATI et al., 2014;) or decrease
(XU et al., 2010; ZEMA et al., 2012; HIDRI et al., 2014;), to approach the wastewater pH.

Soil organic matter content did not change between treatments, with the average of 11.7, 4.3
and 3.8 g kg to 0-0.2, 0.2-0.6 and 0.6-0.8 m depth, respectively. Notice decreasing of soil organic
matter related to content before wastewater disposal (Table 1). Considering Minas Gerais standards
(ALVAREZ V. et al., 1999), organic matter was low in soil surface and very low in 0.2 to 0.8 m
depth, even with uninterrupted treated sanitary wastewater application in successive crops. Therefore,
it is recommended organic matter addition to soil.

Although wastewater is a source of organic compounds, only after several years of continuous
application it has been observed its increase (XU et al., 2010), without changing in the short-term
application (SILVA et al., 2015). The long-term increase of organic carbon can be in surface soil
layer after 15 years of disposal (HIDRI et al., 2014) or 0.2 to 0.4 m soil layer after 15 and 20 years
(HENTATI et al.,, 2014) and 13 to 44% increase after 40 years of raw wastewater disposal
(RAZAPOUR & SAMADI, 2011). Thus, the agricultural reuse of treated or untreated sanitary sewage
does not replace organic fertilizers, considering the low increments of soil organic matter, even with
the long-term application. Agricultural wastewater reuses combined with organic fertilizers are soil
conditioners, improving crop nutrition, growth, and yield (SILVA et al., 2013; MASCIANDARO et
al., 2014).

Organic matter contributes to soil aggregate stability, improving macroporosity and hydraulic
conductivity (WANG et al., 2014) with minor risks of clay dispersion caused by sodium in soil
(MUYEN et al., 2011). Increments of organic matter in surface layers are important to soil structure
and heavy metals immobilization, protecting against metal uptake by plants. Therefore, areas with
treated sanitary wastewater disposal must be fertilized with organic matter (BARRETOS et al., 2013).

Available potassium and phosphorus were not submitted to regression analysis because mineral
fertilizer was used in the control, so, there was no treatment with zero nutrient level. Dunnett’s test
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was used to compare soil nutrients listed in Table 5. It was expected that available phosphorus was
constant between treatments because we calculate the same dose for all treatments (Table 4).

Wastewater disposal increased available phosphorus in all soil layers after bean yield, because
applying high nutrient doses to balance the low soil phosphorus level, according to the Brazilian
fertilizing standards that define fertilizing doses above crops requirements to compensate soil
phosphorus adsorption in weathering soils.

The average content of available potassium was lower than control only in 0.2 to 0.4 m of soil
depth with 150% of nutrient recommendation supplied by treated sanitary wastewater. No differences
were observed in the other soil layers. Thus, treated sanitary wastewater application to supply up to
200% of potassium recommendation did not improve this nutrient in the soil.

A decrease of available soil potassium was mainly observed in wastewater treatments,
compared to start condition (Table 1). Low available potassium after two years of treated sanitary
wastewater disposal, reported by PEREIRA et al. (2011) and ZEMA et al. (2012) may be related to
improved root system of crops. The high soil fertility resulting from nutrient-rich wastewater
improved nutrients availability and uptake by plants (FONSECA et al., 2007). However, increases of
exchangeable sodium in soil profile can reduce exchangeable potassium by replacing it in cation
exchange complex and loss by leaching to deeper layers (PEREIRA et al., 2011). In this case, the
high sodium concentration promotes phytotoxicity and suppression of potassium uptake.

TABLE 5. Analysis of variance and Dunnett’s test for K and P levels in the soil layers after bean with
different sources and levels of potassium fertilization.

K P
Depth (m) 0.0-0.2 0.2-04 0.4-06 0.6-0.8 0.0-0.2 0.2-04 04-0.6 0.6-0.8
Significance ns * * ns ns ns ns ns
CV(%) 21.1 17.5 27.8 38.2 32.2 38.1 67.5 70.1
Treatment mg dm
MF 131.9 91.61 67.57 53.6 25.57 9.3 5.98 4.29

50% 117.9 73.41 72.44 54.57 32.04 6.84 3.38 4.4
100% 108.5 88.03 81.21 44.83 25.66 7.09 2.91 3.04

150% 90.96 56.52a 37.68 48.4 24.27 9.1 3.09 5.48
200% 110.1 85.11 63.67 445 22.22 7.23 4.87 3.34
Average 1119 75.8 64.5 49.2 25.9 7.6 4.05 411

Significant at (*) 0.05 and (ns) non-significant by the F-test; MF: clean water irrigation and 40 kg ha™* of K20 as mineral fertilizer
top-dressing; 50 to 200% of K20 recommendation for bean provided by TSW; Treatments with “a” letter are significantly different
from the control (MF, o = 0.05) in the same column using a Dunnett's comparison.

After bean, no differences were observed between soil layers to values of potential acidity, sum
of bases, potential cation exchange capacity and base saturation. Furthermore, in the surface layer,
exchangeable Ca and Mg influenced the sum of bases, CEC, and base saturation. Considering Minas
Gerais standards (ALVAREZ V. et al., 1999), the average sum of bases (5.15, 4.19, 4.21 and 3.96
cmol. dm™ from surface to deepest layer, respectively) and average base saturation in the same layers
(72.7%, 68.5%, 67.5% and 66.5%) were optimum level, and potential cation exchange capacity (6.97,
6.08, 6.17 and 5.92 cmol. dm) were medium level.

The average potential acidity was low in soil layers (1.82, 1.90, 1.97, and 1.95 cmolc dm®). The
potential soil acidity may decrease by treated sanitary wastewater disposal, reaching zero effect in
the soil after one year of application replacing 150% of water requirements for the orange tree. The
alkaline pH of treated sanitary wastewater result from a high level of HCO3 and exchangeable bases,
that replaces AI** and H* on soil colloids (PEREIRA et al., 2011). However, this study showed that
treated sanitary wastewater application below 50% of crop water requirements does not change the
potential soil acidity.
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Treatment levels have no influence on available Zn and B in soil layers. The averages Zn
were 1.27, 0.42, 0.55 and 0.17 mg dm3; averages B were 0.26, 0.23, 0.25 and 0.35 mg dm, both to
0.0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8 m depth, respectively. The Fe, only in the surface layer, fitted to
linear regression with treated sanitary wastewater irrigation depth (Figure 2). Available Mn in 0.4 to
0.6 m soil depth fitted to the quadratic regression model, with upward trend above 100% of K>O
recommendation supplied by treated sanitary wastewater. Below 0.2 m soil depth, available copper
showed a downward linear trend with treated sanitary wastewater irrigation depth.
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FIGURE 2. Average content of micronutrients, Fe, Mn and Cu available in the soil layers after bean
with different sources and levels of K top-dressing (40 kg ha* of K20 = 100 %). o Mineral

fertilizer, ® 50, 0 100, A 150 and m 200 % of K20 recommendation for bean supplied by treated sanitary wastewater
(TSW). Significant at (**) 0.01 and (*) 0.05 level by the t-test. Significant at (°) 0.10 level or less to (R?) model by
the F-test.

Most of the available micronutrients in soil are middle to very low level, except Mn, truly high
up to 0.4 m and good layers below (ALVAREZ V. et al., 1999). Improved micronutrient levels in soil
could limit plant growth and subsequently treated sanitary wastewater application. On the other hand,
we can see the future necessity of additional micronutrient fertilizer in next crop.

Cation leachate in sandy clay soil, with low organic matter, limited available heavy metals until
three years of treated sanitary wastewater disposal, however, heavy metals increase after eight years
of continuous disposal (XU et al., 2010).

The bean irrigation with treated sanitary wastewater and water source criteria increase levels of
soil electrical conductivity, N, exchangeable K, P, Fe, Cu, Zn, Mn and available Ni in the soil, also
increasing nutrient concentrations in plant tissue, however, below reference limits (SAFFARI &
SAFFARI, 2013).

Sandy soil after two years of treated sanitary wastewater irrigation have a continuous increase
of Cu, Ni and Cd, but still remaining under tolerable limits (HIDRI et al., 2014). Same situation found
by HENTATI et al. (2014) with increasing of Mn, Fe, Ni, Co, Cu and Pb contents in the soil after 15
to 20 years of treated sanitary wastewater disposal without exceeding the tolerable limits. Thus,
despite the increase of micronutrients and heavy metals to be ordinary in soils after treated sanitary
wastewater irrigation to restore crop water need, levels usually remain within tolerable limits.
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CONCLUSIONS

1. Soil nutrients and organic matter do not increase with treated sanitary wastewater doses up to
0.8 m depth.

2. Soil pH and exchangeable sodium have linear increasing with treated sanitary wastewater
doses, respectively up to 0.6 and 0.8 m soil depth.

3. Fertigation limited by potassium recommendation for crops provided together with the high
content of sodium, threatening the balance of soil-plant system with continuous use.

4. Sodium should be the first reference element to continuous wastewater reuse in agriculture.
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