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ABSTRACT
This study aimed to regionalize maximum (Qmax), minimum (Q95), and long-term mean
(Qltm) streamflows in the Juruena River Basin to further water-resource planning and
management, especially regarding water-use grant rights, streamflow regulation, and hydraulic
designs. To do that, a traditional method was used, which relates the interest streamflows with
sub-basin physiographic parameters by linear and nonlinear regressions. In summary, the
traditional method was efficient for regionalization of Q95, Qltm, and Qmax streamflows for the
Juruena River Basin. Moreover, the explanatory variables able to provide the best results for
regionalization of Q95 and Qltm stream flows are drainage area, total watercourse length, and
sub-basin mean altitude. For Qmax regionalization, the best results were provided by explanatory
variables like drainage area, perimeter, and total watercourse length.
Keywords: Amazon basin, extreme events, water availability, water resources planning and
management.

Regionalização de vazões máximas, mínima e média para a bacia
hidrográfica do Rio Juruena, Brasil
RESUMO
O objetivo do trabalho foi regionalizar as vazões máximas (Qmax), mínima (Q95) e média de longa
duração (Qltm) da bacia do rio Juruena para fins de planejamento e gestão de recursos hídricos, sobretudo
no que se refere aos aspectos relacionados a outorga de direito de uso da água, regularização de vazões
e dimensionamento de obras hidráulicas. Para regionalização dessas vazões foi utilizado o método
tradicional o qual relaciona as vazões de interesse com as características fisiográficas das sub-bacias por
meio de regressão linear e não linear. Conclui-se que: o método tradicional é eficiente para
regionalização das vazões Q95, Qltm e Qmax na bacia do rio Juruena; as variáveis explicativas que
proporcionam os melhores resultados para regionalização da vazão Q95 e Qltm na bacia do rio Juruena
são a área de drenagem, o comprimento total dos cursos de água e a altitude média das sub-bacias. Já
para regionalização da Qmax as variáveis explicativas que proporcionam os melhores resultados são a
área de drenagem, perímetro e comprimento total dos cursos de água.
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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Palavras-chave: bacia amazônica, disponibilidade hídrica, eventos extremos, planejamento e gestão de
recursos hídricos.

1. INTRODUCTION
Hydrological regionalization comprises a set of tools that allow greater exploitation of
available data and help to estimate hydrological variables in areas with no or limited data (Li et
al., 2010; Arai et al., 2012; Beck et al., 2016; Beskow et al., 2016). In this sense, streamflows
in a river basin can be estimated by several mathematical models, considering physiographic
features of a catchment area. Thus, this procedure allows hydrological studies that contribute
to preventive and corrective actions towards human occupation in drainage basin areas.
Among the most-used streamflow regionalization methods, there are methods that use
regression equations for hydrologically homogeneous regions (Eletrobras, 1985) and a few that
apply automatic interpolation and extrapolation techniques in a geographic information system
(GIS) environment (Pruski et al., 2015; Cassalho et al., 2017).
Hydrological regionalization is based on the relation between the interest streamflows and
the basin physiographic characteristics, obtained with regression analysis (traditional method);
it is the simplest and easiest implementation method. Authors like Cecílio et al. (2018), Pruski
et al. (2013), Uliana et al. (2016), Lisboa et al. (2008), Lopes et al. (2016; 2017) obtained
regionalized data regarding the maximum, minimum and mean streamflows with accuracy and
precision for watersheds located in different regions of brazil.
According to the literature, using data from stream-gauging stations to measure
streamflows in a river basin is necessary, even if the gauging stations are located at different
sites. This contributes to water-resource management in a region, since such information is used
as a reference for granting water-use rights. For Beck et al. (2016), streamflow gauge network
may not cover an entire hydrography; therefore, improved methods to acquire all necessary
information are extremely essential.
In Mato Grosso State, there has been growing water demand for electric power generation
supply, crop irrigation, as well as for industrial and human purposes. Each research raises many
questions about wise management and use of the existing water resources and brings a possible
resolution to local conflicts about water uses (Alves et al., 2009; Oliveira et al., 2019). In
addition, there is a lack of hydrological information for the region in question, mainly for the
Juruena River Basin. Therefore, it is necessary to underline the relevance and need for
streamflow regionalization studies to solve problems of increasing water demand in the region.
Based on a study conducted by the Brazilian Water Agency (ANA, 2017), the Juruena
River Basin is irrigated by central pivots and has the potential to increase its own irrigated area.
Moreover, the basin has a high potential for installation of hydropower plants, which further
demands quantification of maximum, minimum, and mean streamflows for reservoir designing
and water-use granting purposes.
According to records of the Energy Research Company (EPE, 2010), along the rivers
belonging to the Juruena River Basin there is a total of nine plants, among which six are small
hydropower plants (SHPPs) and three hydropower-generating plants (HGPs), which together
produce 93.7 MW of energy. There are five HPPs still under construction, and under concession
there are seven HPPs and two HGPs.
Among the streamflow applications for water-resource engineering, the maximum (Qmax),
minimum (Qmin) and mean (Qmed) streamflows stand out in this research. The mean streamflow
in a watershed allows the characterization of its own potential water availability or energetic
potential; moreover, it is the biggest streamflow to be regulated in one watercourse, influencing
directly water-reservoirs dimensions. Then, the minimum streamflow allows us to characterize
natural water availability on a watercourse and could be considered a limitation on waterconcession rights allowing the use of water resources on Brazilian watersheds. Finally, the
Rev. Ambient. Água vol. 15 n. 3, e2418 - Taubaté 2020
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maximum streamflow associated with different return periods (Tr) is essential information for
hydraulic-works sizing, like dams, bridges, manholes, drainage channels and more.
Regarding the minimum and mean streamflows, this research focused on the streamflow
with 95% of permanence in time on the watercourse (Q95) and the long-term mean streamflow
(Qltm). The streamflow Q95 is used as reference for procedures of water concession in the Mato
Grosso Estate, by state and national agencies (Brazilian Water Agency – ANA); also, these
agencies are responsible for water-resource management tool implementation (Federal Law
9.433 of January 8 of 1997). Furthermore, the Qltm represents the mathematical mean from a
historical streamflow series and is essential information to determine dam volume through
simulation, according to the method described by Tucci and Clarke (2016).
Pruski et al. (2006) and Tucci (2009) stated that maximum, minimum, and long-term mean
streamflows are used to characterize flow conditions in a watercourse. Therefore,
regionalization of maximum (Qmax), minimum with 95% permanence (Q95), and long-term
mean (Qltm) streamflows must be performed to support studies on streamflow hydrological
behavior of rivers and hence contribute to the planning and management of water resources.
In view of above, the objective of this study was to evaluate and regionalize the
streamflows (maximum, minimum, and long-term mean) of the watercourses in the Juruena
River Basin, northern Mato Grosso State, Brazil.

2. MATERIALS AND METHODS
The study was carried out in the Juruena River Basin (Figure 1), which is in the northwest
region of Mato Grosso State, Brazil. It has 182,000 km² of drainage area and 4,600 km of
perimeter. According to Souza et al. (2013), the region encompassing this basin presents a
savannah tropical climate (Aw), with mean temperatures above 18°C, in all months of the year.
The dry season occurs in autumn-winter and the rainy one in spring-summer. Total annual
rainfall ranges from 1,200 to 2,000 mm, approximately.

Figure 1. Map of the Juruena River Basin highlighting the location of the stream-gauging stations
and the hypsometry of sub-basins.

The regionalization of maximum (Qmax), long-term mean (Qltm), and minimum (Q95)
flows, associated with different return periods, were performed using historical streamflow
series from seven stream-gaging stations, which are within the Juruena River Basin (Table 1).
The historical series records were obtained from the database of the Hydrological Information
System (http://hidroweb.ana.gov.br), which belongs to the Brazilian Water Agency (ANA).
To determine the maximum, minimum and mean streamflows, only the periods of data
were considered that did not have any missing data. Table 1 shows the period of consistent data
(P) and the quantity of years without missing data (N).
Rev. Ambient. Água vol. 15 n. 3, e2418 - Taubaté 2020
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Table 1. Code and location of the stream-gauging stations of the Juruena River Sub-basins used in the study.
ID

Code

1
2
3
4
5
6
7

17130000
17093000
17123000
17120000
17095000
17122000
17091000

Name

River

City

N

P

Latitude

Longitude

AD

Foz do Juruena
Fontanilhas
Rio Arínos
Porto dos Gaúchos
Fazenda Tombador
Rio dos Peixes
Fazenda Tucunaré

Juruena
Juruena
Arínos
Arínos
Rio do Sangue
Rio dos Peixes
Juruena

Apiacás
Juína
Juara
Porto dos Gaúchos
Brasnorte
Juara
Sapezal

6
30
9
25
21
6
9

1986-1996
1978-2013
2000-2013
1973-2007
1984-2013
2000-2007
1993-2013

-09º55'00"
-11º21'30"
-10º38'21"
-11º32'12"
-11º43'05"
-10º82'00"
-13º27'39"

-58º17'00"
-58º20'34"
-58º00'15"
-57º25'25"
-58º02'53"
-57º72'00"
-59º00'28"

182,458.3
55,924.2
57,110.1
37,069.6
24,723.1
14,410.5
4,357.9

1
1
1

For Qmax analysis, the historical series of Qmax for each stream-gauging station listed in Table 1 was first established. To do that, Qmax was
selected for each hydrological year of the historical series. The hydrological year in the Juruena River Basin starts in October (beginning of the
rainy season) and ends in September (end of the dry period).
The maximum streamflows associated with different return periods (Tr) were determined by subjecting the historical series of Qmax values
to statistical analysis, so the theoretical probability model with the best fit to the data series could be identified. For maximum extreme events,
the following distribution models were tested: Log-Pearson type 3 (Equation 1), Gamma (Equation 2), Gumbel-Maximum - Extreme Value Type
1 (Equation 3), and Lognormal (Equation 4) (Naghettini, 2016; Tucci, 2009). The probability distribution parameters were obtained by maximum
likelihood method.
𝑙𝑛𝑙𝑛 (𝑥) − 𝛾 𝛼−1

1

𝑓(𝑥) = 𝑥|𝛽| 𝛤(𝛼) (

𝛽

)

𝑒𝑥𝑝 [−

𝑙𝑛(𝑥) − 𝛾
𝛽

]

(1)

Where: f (x) is the probability density function; x is the maximum flow (m3 s-1); α, β, and γ are the distribution parameters.
𝑓(𝑥) =

(𝑥−𝛾)𝛼−1
𝛽

𝛼

𝛤(𝛼)

𝑒𝑥𝑝(−

(𝑥−𝛾)
𝛽

)

(2)

Where: f (x) is the probability density function; x is the maximum flow (m3 s-1); α, β, and γ are the distribution parameters.
1

𝑓(𝑥) = 𝜎 𝑒𝑥𝑝(− 𝑧 − 𝑒𝑥𝑝(−𝑧))

(3)

Where: f (x) is the probability density function; z is equal to (x-μ)/σ; x is the maximum flow (m3 s-1); μ and σ are the distribution parameters.
𝑓(𝑥) =

1 𝑙𝑛𝑙𝑛 (𝑥−𝛾)−𝜇 2
) )
2
𝜎

𝑒𝑥𝑝(− (

(𝑥−𝛾) 𝜎√2𝜋

Where: f (x) is the probability density function; x is the maximum flow (m3 s-1); μ, γ, and σ are the distribution parameters.
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To check whether the probability distribution adhered to the maximum streamflow data,
the Kolmogorov-Smirnov test was used at 20% significance level, as described by Naguettini
(2016). Then, equations were developed based on the most common return periods in
hydrological studies. In this case, the return period of a maximum event was considered
inversely proportional to its occurrence probability, being equal or exceeded. After selecting
the probability distribution that best fitted the data, the values of Qmax associated with the return
periods of 10, 20, 50, 100, 500, and 10,000 years were then estimated.
For minimum stream flows associated with 95% permanence (Q95), a permanence curve
had to be built. For this purpose, the historical series of daily streamflows recorded by the
stream-gauging stations were used, using the procedure described by Pruski et al. (2006).
Which consist of the analysis of streamflow frequency data; for that, 50 classes of daily
streamflow data were defined, with interval subdivision (∆X) obtained with Equation 5.
∆X=

[ ln(Qmáx )- ln (Qmín )]
50

(5)

Where: Qmax is the biggest value of streamflow in the historical series (m³ s-1); and Qmin is
the lowest value of streamflow registered in the historical series (m³ s-1).
Then, were obtained the interval limits, from Qmin adding the (∆X) value previously
calculated, establishing this way, the upper streamflow limit on every interval i (Equation 6).
𝑄𝑖+1 = 𝑒𝑥𝑝[𝑙𝑛 𝑙𝑛 (𝑄𝑖 ) + ∆𝑋]

(6)

A frequency determination (fi) associated with the lower limit of each interval was
subsequently performed, based on the historical series of the streamflow data of every gauging
station and the number of classified streamflows in each interval (Equation 7). After the
frequency calculus, the biggest class of streamflow to the lowest class was accumulated.
𝑓𝑖 =

𝑁𝑞𝑖
𝑁𝑇

100

(7)

Where: Nqi is the number of streamflows of each interval; and NT is the total number of
streamflows.
The permanency curve was obtained by plotting every lower limit of streamflow of each
interval in the ordinates axis and the accumulated occurrence frequency in the abscissa axis.
The streamflow Q95 was extracted from the graph considering a 95% of permanence in the
abscissa axis and his value belongs to the ordinates axis.
Finally, long-term mean streamflow (Qltm) was determined by means of the arithmetic
mean of all daily streamflows in the historical series.
The traditional method proposed by Eletrobras (1985) was used for streamflow
regionalization. This approach uses linear or nonlinear regression analysis to investigate how
changes in independent variables may affect changes in the dependent variables. The
streamflows Q95, Qmax, and Qltm were considered as dependent variables, while the
physiographic features of the drainage areas upstream of every gauging station (Figure 1) were
considered as independent variables.
The physiographic characteristics were determined by means of geographic information
system (GIS), using the Shuttle Radar Topography Mission (SRTM) digital elevation model
(MDE), with a spatial resolution of 90 meters, and the vector hydrography provided by the
Brazilian Institute of Geography and Statistics (IBGE, 2015), at a scale of 1:250,000.
For sub-basins, physiographic parameters were obtained by the following five steps: (1)
generation of a Hydrographically-Conditioned Digital Elevation Model (HCDEM) and removal
of spurious depressions, (2) flow direction determination, (3) cumulative-flow direction
Rev. Ambient. Água vol. 15 n. 3, e2418 - Taubaté 2020
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determination, (4) numerical hydrography extraction, and (5) automatic sub-basin delineation.
Detailed descriptions can be obtained in Lorenzon et al. (2015). ArcGIS software was used to
perform the above procedures.
As independent variables, we used the following physiographic traits of the sub-basins:
drainage area (AD, km2), perimeter (P, km), total watercourse length (LT, km), axial length (L,
km), basin mean elevation (Alt., meters), and basin mean slope (D, m/m). These characteristics
were obtained following the procedures described by Villela and Mattos (1975) and by Wenzel
et al. (2017).
The relationships among the above parameters were evaluated (Equation 8) using linear
(Equation 9), potential (Equation 10), and exponential (Equation 11) regression models, and
logarithm (Equation 12), as suggested in the adopted method.
̂ = F (AD , P, LT , L, Alt. , D)
Q

(8)

̂ = β0 + β1 AD + β2 P + β3 LT + β4 L + β5 Alt. +β6 D
Q

(9)

β2 β3 β4
̂ = β0 Aβ1
Q
Alt.β5 Dβ6
D P LT L
P LTβ3 Lβ4 Alt.β5 Dβ6

β1 β2

̂ = eβ0AD
Q

Q= β0 +β1 ln (AD )+β2 ln (P)+β3 ln̂
(LT )+β4 ln (L)+β5 ln (Alt.)+β6 ln (D)

(10)
(11)
(12)

Where: 𝑄̂ is the estimated flow (m3 s-1); β0, β1, β2, β3, β4, β5, and β6 are the coefficients of
regression equations; and AD, P, LT, L, Alt., and D are the independent variables (i.e.,
physiographic characteristics upstream of each stream-gauging station). The statistical
significance of each model (Equations 9 to 12) was assessed by the F-test for regression at α =
5%.
The statistical measures used to check the performance of regression equations in
estimating Qmax, Q95, and Qltm were: mean absolute error – MAE (Equation 13), root mean
square error - RMSE (Equation 14), bias (Equation 15), paired t-test at 5% significance
(Equation 16), Willmott’s agreement index (Equation 17), and Nash-Sutcliffe efficiency index
(Equation 18) (Uliana et al., 2016), which were obtained respectively by the below Equations:
MAE=

1 N
∑ |Oi-Pi|
N i=1
1

0.5
RMSE = [N ∑N
i=1(Oi-Pi)²]

bias =

1
N

t = √[

(N-1) bias²

∑N
i=1(Oi-Pi)
]

RMSE2 -bias²

∑N
i=1(Pi-Oi)²
]
(|Pi-O|+|Oi-O|)²
i=1

d = 1 − [∑ N

∑N (Oi-Pi)²

ENS = 1 − [ ∑i=1
N (Oi-O)² ]
i=1

(13)
(14)
(15)
(16)
(17)
(18)

Where: Pi is the estimated streamflow, Oi is the observed streamflow, O is the mean of
the observed streamflows, and n is the number of samples.
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Both MAE and RMSE measure the magnitude of error in a set of estimates (in units of a
variable of interest). When equal to zero, they indicate a perfect model fit to the observed data
series (Moriasi et al., 2007).
To diagnose error variations in the estimated streamflow series, MAE and RMSE were
analyzed at the same time. RMSE will always be greater than or equal to MAE. The greater the
difference between these errors, the greater the variance of individual errors in the sample.
However, if they have equal values, it means all errors have the same order of magnitude.
Bias was used to verify underestimation (positive value) or overestimation (negative value)
by the model.
The paired t-test at 5% significance was used to confirm if the difference (Δ) between the
observed and simulated data was statistically null, which is an expected condition. The
hypotheses of t-test were: H0: Δ = 0 and H1: Δ ≠ 0. When t value, in modulus, (Equation 16)
was higher than the quantile of the Student's t-distribution, with 𝜐 = n-1 degrees of freedom
tα
( 2 ,υ) then the null hypothesis (H0) was rejected; that is, there is a difference between the
observed and model-simulated streamflows, which is not desirable. The value of "d" varies
between 0 and 1, and values close to unity indicate agreement, i.e., the model has a better
performance for predictions.
To evaluate the performance of models with respect to the Nash-Sutcliffe efficiency index
(ENS), the classification suggested by Van Liew et al. (2007) was adopted. According to this
classification: ENS = 1 means a perfect fit of the data predicted by the model, ENS> 0.75 indicates
that the model is adequate and good, 0.36 <ENS <0.75 indicates that the model is considered
satisfactory, and ENS <0.36 indicates that the model is inadequate.
To define the hydrological homogeneous regions, the same proposed procedure by Lisboa
et al. (2008) was used. According to these authors, the regression determination coefficient, the
significance model by the F-test at 5% of confidence, the classification of residual pattern and
the error values between observed and estimated streamflows, must be analyzed. When
satisfactory results were verified for those criteria, the region is defined as hydrologically
homogeneous for the streamflows studied. Otherwise, it would be necessary to divide the region
and regroup the gauging stations inside those regions and reanalyze a new adjustment for
regionalization equations.

3. RESULTS AND DISCUSSION
3.1. Minimum and Mean Streamflow
Table 2 shows the regionalization equations of minimum streamflow with 95%
permanence in the watercourse (Q95) and long-term mean streamflow (Qltm) for the Juruena
River Basin. Among the regression models tested (Equations 9 to 12), only linear and potential
presented satisfactory adjustments to estimate the streamflows.
It can be seen in Table 2 that the physiographic features that allowed the best estimate of
Q95 and Qltm were drainage area (AD), total watercourse length (LT) and basin mean elevation
(Alt.).
Both AD and LT were obtained from SRTM digital elevation model with a spatial resolution
of 90 meters, and LT from the vector hydrography data set of the IBGE at a scale of 1:250,000.
Thus, the estimation of these independent variables was conditioned to the use of such
databases.
In a preliminary analysis, we verified that both equations in Table 2 could properly
estimate the dependent variables (i.e. flows) since the coefficient of determination was above
0.9. This result indicates that more than 90% of the total variances of the dependent variables
(Q95 and Qltm) were explained by the regression models that consider AD, LT, and Alt as
independent variables.
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Table 2. Regionalization equations of minimum streamflow Q95 and long-term mean streamflow (Qltm)
for the Juruena River Basin.
IC – 95%
Flow

Model
Linear

Q95
Potential

Linear
Qltm
Potential

ID Regionalization equation

R²

β0

β1

β2

1

̂ 95 = 29.200344 + 0.0118407(AD )
Q

0.93

±289.6

±3.76E-03

-

2

̂ 95 = 0.0229462(AD )0.9459313
Q

0.93

±0.101

±0.373

-

3

̂ 95 = 0.0000441950(AD )3.52950055 (LT )−2.216318 0.99
Q

±5.5E-05

±0.389

±4.119

4

̂ 95 = 3.651107. 10−10 (AD )1.112025 (Alt. )2.684034
Q

0.99 ±1.11E-13

±0.109

±0.666

5

̂ ltm = −73.964537 + 0.02564964(AD )
Q

0.99

±148.2

±2.35 E-03

-

6

̂ ltm = 229.770514 + 0.030680(AD − 1.474473(L)
Q

0.99

±263.9

±4.32E-03 ±1.203

7

̂ ltm = 0.01116658(AD )1.067962
Q

0.99 ±1.2E-02

±0.091

-

8

̂ ltm = 0.00021135(A𝐷 )1.099310 (Alt. )0.604282
Q

0.99 ±7.76E-04

±0.069

±0.536

Q95 is the minimum flow with permanence of 95% (m3 s-1); Qltm is the long-term mean flow (m3 s-1); AD
is the drainage area (km2); LT is the total watercourse length (km), at a scale of 1:250,000; L is the axial
length of the basin (km); Alt. is the mean elevation of the basin (m); R2 is the coefficient of
determination; IC is the confidence interval (95%) for the parameters of the regression equation ; β0,
β1 e β2 are the parameters of the regressions equations according the Equations from 8 to 12.

In addition to a high R2, the F-test confirmed that there was a significant relationship
between the dependent (Q95 and Qltm) and independent (AD, LT, and Alt) variables.
A detailed error analysis of the regionalization equations (in Table 2) is required since only
2
R and the F-test for regression are insufficient to consolidate the use of the equations. Thus,
Table 3 shows a statistical error analysis of the regression models in Table 2.
After analyzing the Nash-Sutcliffe efficiency indexes (ENS) in Table 3, it can be stated
according to Van Liew et al. (2007) that the regression models proposed for regionalization of
Q95 and Qltm are adequate and good, given that all ENS values were greater than 0.75.
The Willmott’s agreement indexes (d) were near to 1, indicating a concordance between
observed and predicted values.
As for the paired t-test, all values were not significant at 5% significance. This confirms
that the values of Q95 and Qltm observed by monitoring sections in the Juruena River Basin and
those estimated by the regression equations in Table 2 have no significant difference, which is
desirable.
As for MAE and RMSE, Table 3 shows that the distance between them is not large. This
indicates that the variance of individual errors in the sample does not present an expressive
value. It should be emphasized that if the values of MAE and RMSE were equal, all errors
would have the same order of magnitude.
The bias values of equations in Table 2 indicated an overestimation (negative value) of
Q95 and Qltm by the Equations ID 1, 2, and 6. Conversely, the other equations showed an
underestimation (positive value) of Q95 and Qltm.
When analyzing all statistical indices in Table 3 together, the best equation for
regionalization of Q95 flow was considering AD and LT as independent variables in the potential
model (ID 3 - Table 2). This equation showed a value of MAE equal to 14.1 m3 s-1 and RMSE
of 17.5 m3 s-1.
The second-best equation for regionalization of Q95 streamflow was the one that considered
AD and Alt. as independent variables in the potential model (ID 4 - Table 2). In this equation,
MAE and RMSE were equal to 20.4 and 31.1 m3 s-1, respectively.
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Table 3. Statistical error analysis of regression models in Table 2 for
regionalization of Q95 and Qltm streamflows.
Flow

Model

ID

VI

MAE RMSE

Linear

1

AD

130.6

181.3

2

AD

131.6

180.0

-3.4

0.982 0.931 4.57E-02(ns)

3

A D; L T

14.1

17.5

5.3

0.999 0.999 7.73E-01(ns)

4

AD; Alt.

20.4

31.1

0.9

0.999 0.998 7.38E-02(ns)

5

AD

84.1

92.8

3.0

0.999 0.996 7.92E-02(ns)

6

A D; L

36.1

47.0

-0.01

0.999 0.999 2.95E-04(ns)

7

AD

64.9

79.9

6.0

0.999 0.997 1.83E-01(ns)

8

AD; Alt.

32.8

44.0

6.9

0.999 0.999 3.91E-01(ns)

Q95
Potential

Linear
Qltm
Potential

bias

d

ENS

t

-2.08E-04 0.981 0.930 2.81E-06(ns)

Q95 is the minimum flow with permanence of 95% (m3 s-1); Qltm is the long-term
mean flow (m3 s-1); ID is the identification of the regionalization equation in Table
2; VI: independent variables; AD is the drainage area (km2); LT is the total
watercourse length (km), at a scale of 1:250,000; L is the axial length of the basin
(km); Alt. is the mean elevation of the basin (m); MAE is the mean absolute error
(m3 s-1); RMSE is the root mean square error (m3 s-1); Bias (m3 s-1); d is the
Willmott’s agreement index; ENS is the Nash-Sutcliffe efficiency index; t is the
value of the paired t-test statistics; (ns): non-significant at 5% significance; *:
significant at 5%.

Despite the best performance for estimating Q95, the equation considering the variables AD
and LT (ID 3 - Table 2) has a limitation. Such a restriction is due to a dependence of the total
watercourse length on the used scale (1:250,000). When considering this scale, some
watercourses in the basin, especially the smaller ones, may not be included, making this
equation unsuitable for use. Thus, in such a situation, a suitable solution would be using
Equation ID 4 (Table 2), which considers AD and Alt. variables as input data.
Although Equation ID 1 (Table 2) presents a greater error compared to the others, it still
has an acceptable performance to estimate Q95 and a differential from the others. It considers
AD as the independent variable and is of easy estimation in a GIS application. Considering only
this variable, the equation is easily implemented and hence has a greater chance of becoming
operational in technical studies to be performed in the hydrographic basin. The result of
regionalization of Q95 with Equation ID 1 is shown in Figure 2. In this Figure, we considered
only the stretches of watercourses with a drainage area larger than 4,000 km2.
As for Qltm, Table 3 highlights that the best estimation equation was the one using AD and
Alt. as input variables in the potential model (ID 8 - Table 2). In this equation, MAE and RMSE
were 32.8 and 44.0 m3 s-1, respectively.
The other equation with the best performance to estimate Qltm was considering AD and L
as input variables in the linear model (ID 6 - Table 2).
The Equation ID 7 (Table 2) containing variable AD in the potential model presented good
results for the determination of Qltm. In this case, the previous discussion is also valid.
Regionalization equations that have only drainage area as a variable are easily implemented.
Even though the error is greater compared to equations considering L and Alt., they are still
reliable for estimating Qltm. The result of regionalization of Qltm using Equation ID 7 (Table 2)
can be seen in Figure 2 (b).
Once the accuracy and precision of Q95 and Qltm regionalization equations were confirmed,
the region of the Juruena River Basin can be considered hydrologically homogeneous.
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(a)

(b)

Figure 2. Estimation of Q95 (a) and Qltm (b) using the regionalization Equations ID 1 and ID 7 in
Table 2, respectively.

3.2. Maximum Streamflow (Qmax.)
Among the theoretical probability models tested for the estimation of Qmax for different
return periods (Tr), the Log-Pearson type 3 distribution (Equation 1) was the one that presented
the best fit to the data series. This outcome can be confirmed by the p-value of the KolmogorovSmirnov test in Table 4.
Table 4 also lists the parameters of the Log-Pearson type 3 distribution, which allows the
estimation of Qmax for periods of return different from those addressed in this study. Table 5
presents the values of Qmax (m3 s-1) associated with the return periods of the Juruena River
Basin.
The Table 6 shows the confidence interval (95%) for maximum streamflows on the basin
of the Juruena River associated with different return periods. It shows that for higher return
periods, mostly for 500 and 10,000 years, the associated uncertainty in estimation is bigger.
That uncertainty is bigger even on gauging stations with smaller historical series like foz do
Juruena (17130000), Rio Arinos (17123000) and Rio dos Peixes (17122000). That uncertainty
should be considered on hydraulic-structure projects which would be done within basins.
In Table 7, we can observe the regionalization equations of Qmax associated with the return
periods (T) of 10, 20, 50, 100, 500, and 10,000 years
Among the regression models tested, only linear and potential models presented adequate
results for regionalization of Qmax. In this case, the independent variables that provided the best
results were AD, LT, and P.
All regressions in Table 7 presented significant F-test results. Also, in this table, the
equations showed R² values of 0.98 or 0.99, which are desirable. Thus, more than 98% of the
variance of Qmax was explained by the variables AD, P, and LT.
The linear regression model showed good results when only the independent variable LT
was used.
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Table 4. P-value of the Kolmogorov-Smirnov test and the parameters of
Log-Pearson type 3 theoretical probability distribution.

β

γ

Code

ID

Station

P-value

α

17130000

1

Foz Juruena

0.978

68.243

17093000

2

Fontanilhas

0.956

33,382.0 4.047E-04 -5.8633

17123000

3

Rio Arinos

0.994

100.790 1.375E-02

6.5178

17120000

4

Porto dos Gaúchos

0.996

12.143

4.389E-02

6.6887

17095000

5

Faz. Tombador

0.999

71.323

1.211E-02

5.9182

17122000

6

Rio dos Peixes

0.898

6.487

-7.654E-02 7.2827

17091000

7

Faz. Tucunaré

0.887

-1.386E-02 10.121

582.732 3.444E-03

3.2119

ID: identification number of the station on the map (Figure 1); P-value of
the Kolmogorov-Smirnov test; α, β, and γ are the adjusted parameters of
the Log-Pearson type 3 distribution.
Table 5. Maximum streamflows (m3 s-1) associated with different return periods (T) and
estimated using the Log-Pearson type 3 probability distribution.
Return Period (T) – Years
Code

ID

Station
10

20

50

100

500

10,000

17130000

1

Foz Juruena

11,133.0 11,549.0 12,019.0 12,333.0 12,969.0 13,933.0

17093000

2

Fontanilhas

2,302.8

2,365.8

2,439.0

2,489.1

2,593.8

2,762.2

17123000

3

Rio Arinos

3,239.5

3,422.7

3,646.8

3,807.6

4,164.5

4,801.1

17120000

4

Porto dos Gaúchos 1,676.8

1,800.2

1,959.8

2,080.4

2,365.7

2,935.5

17095000

5

Faz. Tombador

1,007.6

1,050.3

1,101.9

1,138.6

1,219.1

1,359.7

17122000

6

Rio dos Peixes

1,112.0

1,162.0

1,213.1

1,244.0

1,298.6

1,362.0

17091000

7

Faz. Tucunaré

204.8

212.2

219.9

225.3

236.6

255.4

ID: identification number of the station on the map (Figure 1).
Table 6. Confidence intervals 95% (m3 s-1) for the maximum stream flows associated with
different return periods shown in Table 5.
Confidence Intervals – 95%
Code

ID

Station

17130000

1

Foz Juruena

17093000

2

Fontanilhas

±82.1

±96.1

±114.0

±127.3

±156.7

±207.9

17123000

3

Rio Arinos

±377.8

±454.4

±557.0

±636.0

±821.0

±1,178.3

17120000

4

Porto dos Gaúchos

±162.2

±205.5

±266.6

±315.8

±441.2

±722.3

17095000

5

Faz. Tombador

±60.5

±72.3

±87.5

±99.1

±125.9

±176.3

17122000

6

Rio dos Peixes

±230.8

±282.7

±349.3

±398.9

±508.8

±699.4

17091000

7

Faz. Tucunaré

±14.5

±17.2

±20.6

±23.0

±28.7

±38.7

10

20

50

100

500

10,000

±1,473.3 ±1,786.2 ±2,195.4 ±4,158.5 ±3,199.1 ±4,473.9
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Table 7. Regionalization equations of maximum streamflow (Qmax) associated with
different return periods (T) of the Juruena River Basin.
IC – 95%
T (years)

Model

ID

Linear

1

̂ max = −14.002950 + 0.136674(LT ) 0.99
Q

2

0.99 ±1.66E-02

±0.168

3

̂ max = 0.008445(AD )1.163076
Q
̂ max = 0.000506(P)1.987922
Q

0.99 ±1.31E-03

±0.308

4

̂ max = 0.110875(LT )1.018699
Q

0.99 ±7.51E-02 ±6.13E-02

5

̂ max = 3.429125 + 0.141698(LT )
Q

0.99

6

̂ max = 0.009724(AD )
Q

0.99 ±2.03E-02

±0.174

7

̂ max = 0.000605(P)1.971241
Q
̂ max = 0.1252730(LT )1.0111630
Q

0.99 ±1.44E-03

±0.283

10
Potential

Linear
20
Potential

8
Linear
50

9

Equation

1,154455

̂ max = 28.686446 + 0.147359(LT )
Q

±209.88

±6.33E-03

±191.53

±5.3E-03

0.99 ±7.57E-02 ±5.48E-02
0.99

±171.42

±5.14E-03
±0.181

̂ max = 0.000762(P)
Potential 11 Q
̂ max = 0.146346 (LT )1.000965
12 Q

0.99 ±1.61E-03

±0.251

0.99 ±7.77E-02 ±4.8E-02

̂ max = 49.537503 + 0.151126(LT )
13 Q

0.99

̂ max = 0.013399(AD )1.133403
14 Q

0.98 ±2.96E-02

±0.187

̂ max = 0.000904(P)1.931770
Potential 15 Q
̂ max = 0.164127 (LT )0.993126
16 Q

0.99 ±1.74E-03

±0.228

Linear

±4.87E-03

0.99 ±8.29E-02 ±4.6E-02

̂ max = 103.381232 + 0.158707(LT ) 0.99
17 Q
̂ max = 0.018379(AD )
18 Q

±164.33

±193.20

±6.3E-02

1.111462

0.98 ±4.36E-02

±0.199

̂ max = 0.001336(P)1.89179259
Potential 19 Q
̂ max = 0.212920(LT )0.974605
20 Q

0.99 ±1.97E-03

±0.175

Linear
10,000

β1

0.98 ±2.53E-02

Linear

500

β0

̂ max = 0.011680(AD )1.142605
10 Q
1.948856

100

R²

0.99

±0.113

±4.7E-02

̂ max = 223.809866 + 0.170014(LT ) 0.99
21 Q

±385.76

±1.2E-02

̂ max = 0.033007(AD )1.069047
22 Q
̂ max = 0.002724(P)
Potential 23 Q
̂ max = 0.341834(LT )0.939189
24 Q
1.816706

0.98 ±8.8E-02

±0.222

0.99 ±1.99E-03 ±8.6E-02
0.99

±0.282

±7.5E-02

AD is the drainage area (km²); P is the perimeter of the basin (km); LT is the total watercourse
length (km); R2 is the coefficient of determination; IC is the confidence interval (95%) for
the parameters of the regression equation ; β0, β1 e β2 are the parameters of the regressions
equations according the Equations from 8 to 12.

Table 8 presents a statistical error analysis of the regionalization equations described in
Table 7.
All equations used for regionalization of Qmax presented Nash-Sutcliffe efficiency indexes
(ENS) above 0.75, which indicates, according to Van Liew et al. (2007), that the models are
adequate and good to estimate Qmax associated with the analyzed return periods.
The values of Willmott’s agreement index were near 1, indicating the good performance
of equations in predicting Qmax values.
The t-test indicated that the Qmax values observed and predicted by equations in Table 7
did not show a significant difference at 5% significance.
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The slight difference between MAE and RMSE indicated that the variance of individual
errors is small in both estimates, that is, most of the errors in equations are relatively minor.
Lastly, bias indicated an underestimate (positive value) of Qmax rates by most of the
proposed equations.
Table 8. Statistical error analysis of the regression models in Table 7 for
the regionalization of maximum streamflow (Qmax) associated with
different return periods.
T

10

20

50

100

500

10,000

ID VI MAE RMSE

bias

d

ENS

-1.4E-02 0.9996 0.998

t
2.5E-04(ns)

1

LT 112.5

138.5

2

AD 232.2

312.6

47.0

0.9980 0.992

3.7E-01(ns)

3

P

273.4

329.2

57.7

0.9978 0.991

4.4E-01(ns)

4

LT

98.7

130.9

22.5

0.9996 0.999

4.3E-01(ns)

5

LT

97.0

126.4

0.0

0.9997 0.999

2.8E-04(ns)

6

AD 248.7

340.7

47.6

0.9978 0.991

3.5E-01(ns)

7

P

263.6

317.9

55.8

0.9981 0.992

4.4E-01(ns)

8

LT

89.7

123.1

21.0

0.9997 0.999

4.3E-01(ns)

9

LT

93.4

113.1

2.9E-02 0.9998 0.999

6.2E-04(ns)

10 AD 272.0

375.3

47.4

0.9975 0.990

3.1E-01(ns)

11

P

246.3

298.8

51.4

0.9984 0.994

4.3E-01(ns)

12 LT

90.8

115.2

18.3

0.9998 0.999

3.9E-01(ns)

13 LT

93.9

108.5

0.0

0.9998 0.9992

3.2E-04(ns)

14 AD 294.9

400.8

46.2

0.9973 0.9890

2.8E-01(ns)

15

P

231.5

281.9

49.2

0.9987 0.9946

4.3E-01(ns)

16 LT

96.3

113.1

15.7

0.9998 0.9991

3.4E-01(ns)

17 LT 100.4

127.5

-2.8E-14 0.9997 0.9990

5.5E-16(ns)

18 AD 346.9

461.1

42.3

0.9967 0.9868

2.3E-01(ns)

19

189.5

235.5

40.5

0.9991 0.9966

4.3E-01(ns)

20 LT 107.5

128.4

8.9

0.9997 0.9990

1.7E-01(ns)

21 LT 214.1

254.6

1.4E-02 0.9991 0.9965

1.4E-04(ns)

22 AD 444.4

586.9

31.1

0.9953 0.9814

1.3E-01(ns)

23

109.0

133.0

15.9

0.9998 0.9990

2.9E-01(ns)

24 LT 181.6

226.9

-6.3

0.9993 0.9972

6.8E-02(ns)

P

P

ID is the identification of the regionalization equation in Table 7; VI:
independent variable; AD is the drainage area (km2); P is the perimeter of
the basin (km); LT is the total watercourse length (km), at a scale of
1:250,000; MAE is the mean absolute error (m3 s-1); RMSE is the root mean
square error (m3 s-1); Bias (m3 s-1); d is the Willmott’s agreement index;
ENS is the Nash-Sutcliffe efficiency index; t is the value of the paired t-test
statistics; (ns): non-significant at 5% significance.

For return periods from 10 to 500 years, the best performance to predict Qmax was observed
for linear and potential equations, using LT as an independent variable. For a return period of
10,000 years, the best performance was found for potential equations, using perimeter as a
variable.
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We have previously discussed the limitation of using LT as an independent variable,
provided the dimension of the scale (1:250,000). Therefore, in cases where the use of LT
precludes prediction of streamflows, the potential equation using AD as independent variable
could be used instead. This is confirmed by the statistical indices in Table 8, which show that
potential equations also have precision and accuracy, despite the higher values of MAE and
RMSE. Figure 3 displays the application of potential equations to estimate Qmax in the study
area.
As confirmed by the accuracy and precision of regionalization equations of Qmax, the
region of the Juruena River Basin can be regarded as hydrologically homogeneous.

Figure 3. Estimation of maximum streamflow (Qmax) for the return periods (T) of 10 (a), 20 (b), 50
(c), 100 (d), 500 (e), and 10,000 (f) years, using the regionalization Equations ID 2, 6, 10, 14, 18,
and 22 in Table 7, respectively.

4. FINAL CONSIDERATIONS
The traditional method proved to be efficient for regionalization of Q95, Qltm, and Qmax in
the Juruena River Basin. Our findings are similar to those reported by Pruski et al. (2013),
Lopes et al. (2016; 2017), and Cecílio et al. (2018), who also used the traditional method for
regionalization of maximum, minimum, and mean streamflows in basins located in other
regions of Brazil.
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Some of the above-cited studies (e.g. Pruski et al., 2013) used rainfall as an explanatory
variable in regionalization equations. We could not use it because of the low density of rain
gauges in the Juruena River Basin and the convective nature of local rainfall. These peculiarities
resulted in major errors in the cross-validation study of the rainfall spatialization by either
ordinary kriging or inverse distance weighting. Due to this, rainfall was disregarded as a
variable in regionalization equations.
The results obtained are promising, opening the way for further investigation, and may
support hydrologists in the planning and management of surface water resources in the Juruena
River Basin.
The Brazilian Irrigation Atlas (ANA, 2017) and surveys on central-pivot irrigation
agriculture have pointed out an extensive irrigated area within the Juruena River Basin, which
tends to increase in the coming years. Thus, this region needs proper planning to avoid conflicts
over the use of water. In addition to the irrigated area, the basin has great potential for
hydropower production, according to research developed by the EPE (2010).
The regionalization of minimum flow (Q95) will allow the development of water
availability studies in the basin, wherein balances between supply and demand can be made.
Thus, the areas under potential conflict and suitable for irrigation can be identified since the
basin features agriculture and husbandry as its main economic activities.
The equations obtained in our study for regionalization of long-term mean streamflow
(Qltm) can be used in water reservoir projects to estimate the volume of water to be settled.
Finally, the equations used for regionalization of maximum streamflow (Qmax) will allow the
designing of hydraulic structures in the watercourses of the basin.
Despite the good results, the regionalization equations obtained in this study can only be
used in basins with drainage areas between 4,357.9 and 182,458.3 km2. The hydrological
behavior of small river basins was not considered due to the lack of gauging stations in such
drainage areas. Therefore, the regionalization equations presented here can be cautiously
extrapolated to small-scale drainage areas.

5. CONCLUSIONS
Maximum (Qmax), minimum (Q95), and long-term mean (Qltm) streamflows were
regionalized. Under the studied conditions, the following conclusions could be drawn:
- Only one hydrologically homogeneous region was identified for Q95, Qltm, and Qmax
associated with different return periods;
- The traditional method was efficient for regionalization of Q95, Qltm, and Qmax
streamflows in the Juruena River Basin;
- Drainage area, total watercourse length, and sub-basin mean elevation were the
explanatory variables that provided the best results for regionalization of Q95 and Qltm in the
Juruena River Basin. As for Qmax, the explanatory variables were drainage area, basin perimeter,
and total watercourse length.
- The regionalization equations of Qmax that considered total watercourse length as
explanatory variables showed a smaller estimation error.
- The regionalization equations determined in this study were reliable and provide
subsidies for the planning and management of water resources in the Juruena River Basin,
mainly for flow regulation, water-use granting, and hydraulic design.
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ABSTRACT
Pork production involves the generation of wastewater containing a high pollutant load.
Although the biological systems show satisfactory efficiency for the treatment of these
effluents, they demand an elevated area for installation and high production of biological
sludge. Alternatively, oxidative processes are an alternative for treating such effluents,
requiring minor areas and increasing the efficiency of the treatment. We studied the Fenton
process assisted with ultrasound for the treatment of swine slaughterhouse wastewater. Nails
used in civil construction were used as the iron source. We evaluated the influence of pH,
contact time, nail mass, and hydrogen peroxide concentration on color removal, turbidity,
chemical oxygen demand (COD) and biochemical oxygen demand (BOD5). The removal of
nutrients and oils and greases was also evaluated. The best results using the ultrasound-assisted
Fenton process were obtained at pH 3, hydrogen peroxide concentration 90 mg L-1, and a nail
unit (2.7g). In these conditions, color, turbidity, COD, and BOD5 removal of 98, 98.2, 84.6, and
98%, respectively, were achieved. The reduction in the other parameters evaluated was above
70%. Catalytic activity maintained above 90% until the sixth cycle of use. In general, the
ultrasound-assisted Fenton process using the nail as a catalyst would be an alternative for the
treatment of swine slaughterhouse wastewater. This alternative is responsible for the higher
removal of organic load and nutrients in a shorter time when compared with biological systems.
Keywords: contaminants, Fenton, organic matter, swine wastewater, ultrasound.

Tratamento de efluentes da suinocultura suínos utilizando o processo
Fenton com ultrassom e ferro reciclado
RESUMO
A produção de suínos envolve a produção de efluentes líquidos com elevada carga de
poluentes. Embora os sistemas biológicos apresnetem eficiência satisfatória para o tratamento
destes efluentes eles demandam elevada área para instalação e elevada produção de lodo
biológico. Neste sentido, processos oxidativos vêm se apresnetando como uma alternativa para
o tratamento de efluentes desta natureza, requerendo menor área e aumentando a eficiência do
tratamento. No presente estudo, foi utilizado o processo Fenton assistido com ultrassom no
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

2

Jair Juarez João et al.

tratamento de efluentes de frigorífico de suínos. Como fonte de ferro, foi empregado prego
usado em construção civil. Foi estudado a influência do pH, tempo de contato, massa de prego
e concentração de peróxido de hidrogênio na remoção de cor, turbidez, demanda química de
oxigênio (DQO) e demanda bioquímica de oxigênio (DBO5). Foram ainda avaliadas as
remoções de nutrientes e óleos e graxas. Os melhores resultados utilizando o processo Fenton
assistido por ultrasson foram obtidos em pH 3, concentração de peróxido de hidrogênio 90 mg
L-1 e uma unidade de prego (2,7g). Nestas condições foram alcançadas remoção de cor,
turbidez, DQO e DBO5 de 98, 98,2, 84,6 e 98%, respectivamente. A redução nos demais
parâmetros avaliados foi acima de 70%. Foi ainda avaliada a reutilização do prego, sendo que
a atividade catalítica foi mantida acima de 90% até o sexto ciclo de utilização. De forma geral,
o processo Fenton assitido por ultrasson e utilizando prego como catalisador apresenta-se como
uma alternativa para o tratamento de efluentes de suinocultura. Esta proposta e de tratamento é
responsável por elevada remoção de carga orgânica e nutrientes em um tempo inferior ao
observado para sistemas biológicos.
Palavras-chave: contaminantes, efluente de suinocultura, Fenton, matéria orgânica, ultrassom.

1. INTRODUCTION
Agribusiness has been developing rapidly in the Brazilian market and is responsible for
20% of the Gross Domestic Product (GDP). Pig farming, in particular, has become more
prominent, making the pork meat industry competitive in the international market (Silva et al.,
2018). Currently, Brazil is the fourth-largest producer and exporter of pork in the world, and a
growth is observed in this activity (Sebrae, 2019). It is important to emphasize that pig
production growth increases the generation of waste and water consumption. This potentially
contaminating activity is responsible for several environmental problems related to solid and
liquid wastes generated in large volumes (Schlegel et al., 2017; Luo et al., 2018). This
wastewater is highly contaminated with suspended solids, dissolved organic matter, nitrogen,
viruses, and fecal coliforms. Therefore, it must be treated appropriately to be disposed of
without harming the environment (Fongaro et al., 2016; Li et al., 2018; Jaafari et al., 2019).
In this context, the biological treatment (anaerobic and aerobic) are convenient alternatives
due to the biodegradability of the compounds present in the aqueous matrix (Waki et al., 2018).
Mainly, anaerobic digestion is an alternative that produces biogas and digested substrate, which
is a potent fertilizer for organic agriculture (Gopalan et al., 2013). The main advantage of this
process is the dispensing of energy (Jaafari et al., 2014). However, as the main drawback, a
single system is not able to produce effluents that reach the required environmental standards,
requiring additional steps for the treatment (Chen et al., 2015; Wang et al., 2019).
Different coadjuvants (support) for the treatment of liquid effluents generated in swine
farming are described in the literature. A promising alternative that could be associated with
biological treatment is advanced oxidative processes (AOP). It is responsible for the
transformation of organic molecules into carbon dioxide and water, which have attracted the
interest of the scientific community (Kanakaraju et al., 2018). AOPs are chemical oxidation
techniques based on hydroxyl radical formation (OH•), a high oxidant able to degrade organic
matter in liquid effluents (Vilardi et al., 2018; Brito et al., 2019). In these processes, the
hydroxyl radicals act in a non-selective way and allow the degradation of numerous toxic
organic contaminants. They are typically transformed into simple molecules, which are readily
biodegradable. Alternatively, the total mineralization of all the organic matter present in the
effluent is achieved in a short period (Colades et al., 2018; Miklos et al., 2018).
The common AOPs are the Fenton (H2O2 and Fe+2 ions) and photo-Fenton process, when
using ultraviolet (UV) source, ozone (O3), hydrogen peroxide (H2O2) with UV, titanium dioxide
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(TiO2) with UV or different combinations of the cited processes (Huang et al., 2015;
Hassanshahi and Karimi-Jashni, 2018; Jiménez et al., 2019). The Fenton process is mostly
applied for the removal of organic compounds from liquid effluents (Pera-Titus et al., 2004).
Several studies have been developed to improve the performance of the Fenton process by
association with electrical energy, light, magnetism, nanoparticle application,
electrocoagulation, ultrasound, the use of rotating fixed bed reactors and some alternative
materials to replace Fe+2 ions (Babuponnusamy and Muthukumar, 2014; Azerrad et al., 2019).
Another production process for hydroxyl radical formation is the use of ultrasound. The
ultrasound effect on molecules is related to cavitation, nucleation, growth, and implosion of
microbubbles that trap steam/gas. These microbubbles produce areas of high pressure, which
lead to water dissociation and formation of OH•, which are responsible for the degradation. The
ultrasound irradiation induces electrons’ movement number and increasing the HO•
concentration in the medium. Moreover, radial ultrasound may disperse the aggregated catalyst
particles, increasing the active surface area (Dobaradaran et al., 2018).
Although the Fenton process is well-described in the literature, most papers reported the
use of synthetic wastewater. Nevertheless, industrial effluents are constituted of complex
matrices, which may contribute to a decrease in process efficiency (Wang et al., 2016).
Additionally, to the best of our knowledge, there are no studies reporting the application of
recycled nails as iron sources for the conventional or ultrasound-assisted Fenton. Consequently,
we aimed to study the treatment of pork slaughterhouse wastewater using the Fenton process
with ultrasound and recycled nails.

2. MATERIALS AND METHODS
2.1. Materials
The samples of wastewater were obtained from a pork slaughterhouse in southern Brazil.
The sampling was carried out according to official Brazilian methodologies NBR 9897 and
NBR 9898 (ABNT, 1987a; 1987b). The nails were collected directly on-site (building) and
selected according to the more significant number of applications considering the various types
of fixation. We used galvanized common nails with a wide head and a smooth shank, size 16/21
(2.27 x 47.67 mm). The reactants were all of the analytical purity, hydrogen peroxide (H2O2,
30%, Merck), sulfuric acid (H2SO4, Merck), and sodium hydroxide (NaOH, Merck).
2.2. General procedure for Fenton reactions
The classical Fenton process was conducted under the batch-mode condition using 200 mL
of effluent. The reactions were carried out under different conditions of hydrogen peroxide
concentration (30 to 150 mg L-1) and pH (2 to 6). The mass of the recycled nail (2.7 g) was
fixed. It is equivalent to one nail. The reactor was covered to minimize the effect of
photochemical reactions. The temperature of the solution was kept constant at 25°C by using a
Dubnoff type thermostatic bath, provided by shaking at 20 rpm. The hydrogen peroxide was
slowly added to minimize the formation of the hydroperoxide radical. A few drops of a 1.0 mol
L-1 NaOH solution were added to stop the reaction, increasing the pH to approximately 12, and
consequently precipitating Fe (III). The samples were then filtered to remove the precipitate.
The tests using the ultrasound-assisted methodology were performed in an ultrasound bath
(NOVA INSTRUMENTS), under the same conditions aforementioned. The Fenton and
ultrasound-assisted Fenton performance was initially assessed by measuring color and turbidity,
using a PHARO spectrophotometer (Merck®, Germany). Consequently, the optimal condition
was analyzed in terms of pH, color, turbidity, total solids, suspended, dissolved and
sedimentable, phosphorus, nitrogen, chemical oxygen demand (COD), biochemical oxygen
demand measured in five days (BOD5), and oils and greases. The analyses were performed
according to the procedures of the Standard Methods for Examination of Water and Wastewater
Rev. Ambient. Água vol. 15 n. 3, e2453 - Taubaté 2020
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(APHA et al., 2012), and the specific methods are reported in Table 1. The BOD5 were
measured in an Oxitop (WTW®, Alemanha), incubated at 20°C for five days. The pH was
measured using a HANNA portable pH meter. All determinations were performed in triplicate.
2.3. Kinetics of color and turbidity removal
The kinetic evaluation for color removal and turbidity was performed in an Erlenmeyer
flask using 200 mL of the crude effluent, hydrogen peroxide (90 mg L-1), and one recycled nail
(2.7 g). The pH was adjusted to 3.0 using sulfuric acid, and the reaction took place in an
ultrasonic bath. Aliquots were removed at 10-minute intervals for 60 minutes. The color and
turbidity of the samples were analyzed after precipitation of iron at pH 12 and filtering of
samples. The pseudo-first-order model was used to fit the experimental data according to
Equation 1 (Azizi et al., 2017):
𝐶

𝑙𝑛 (𝐶 ) = −𝑘. 𝑡
0

(1)

Where C is the value of color (Hz) or turbidity (NTU) at time t, C0 is the initial color or
turbidity, and k is the pseudo-first-order rate constant (min–1).

3. RESULTS AND DISCUSSION
The raw effluent was sampled in a pig slaughterhouse and characterized by
physicochemical analyses (Table 1). All the parameters showed high values, demonstrating that
this effluent contains a significant load of pollutants. This sample of wastewater was used to
carry out all the experiments described in this paper.
3.1. Effect of pH on color removal and turbidity
pH is an essential parameter for the evaluation of color, turbidity, and organic matter
removal by advanced oxidation processes (POAs), especially the Fenton process (Zhang and
Zhou, 2019). The influence of pH in the color and turbidity removal is shown in Figure 1. The
removal efficiency decreases as the pH increases. This observation may be related to iron
hydroxide precipitation, which causes the reduction of hydroxyl radicals (OH•) due to the lack
of free iron ions, which accelerates the decomposition of hydrogen peroxide in oxygen,
reducing its oxidative capacity (Szpyrkowicz et al., 2001). Moreover, the efficiency of color
and turbidity removal also decreases at pH less than 3 as stable or non-reactive species such as
oxon ion (H3O2+) and iron complexes [Fe (H2O)6]+2 are formed, (Huang et al., 2017). Also,
other reactions may be occurring at lower pHs during the reaction. In these reactions, the
hydroxyl radical (OH•) generated can oxidize ferrous ions (Equation 2), and react with
hydrogen peroxide (Equation 3). In these cases, ferrous ion and hydrogen peroxide are acting
as sequestering agents of hydroxyl radicals in the medium, which may decrease process
efficiency at low pH.
Fe+2 + O𝐻 • → Fe+3 + OH −

(2)

H2 O2 + O𝐻 • → H2 O + HO2•

(3)

The best results were obtained at pH 3, regardless of the hydrogen peroxide concentration
used. This result corroborates with other authors who found that the best performance of the
Fenton process was achieved in the pH range of 3 and 4 (Kavitha and Palanivelu, 2004; Lee
and Shoda, 2008; Pouran et al., 2015). Besides, at pH 3, a higher rate of nail oxidation is
observed (residual nail content 15 mg L-1), which contributes to the homogeneous Fenton
process. In this process, ferrous ion (Fe+2) may be contributing to the decomposition of H2O2,
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resulting in the generation of more hydroxyl radicals, which act by oxidizing organic pollutants,
contributing to better efficiency of the process. At pH 2, 3, 4, 5, and 6, the values obtained for
color removal using the Fenton process were 88, 96.8, 91.5, 74, and 65%, respectively. The
turbidity was highly removed when compared to the color of the wastewater. The values
obtained for turbidity removal at pH 2 were 88.8%, pH 3 (99%), pH 4 (92%), pH 5 (88%) and
pH 6 (87%) (Figure 1). These results may be related to particulate material present in the raw
effluent (turbidity 1560 FAU), which contributes to the coagulation and flocculation process,
as a function of pH elevation (pH 12) associated with the iron precipitation. The values of color
and turbidity removal were above 95% using the Fenton process and 98% for the ultrasoundassisted process. The best results obtained with Fenton processes were obtained at pH 3 and 90
minutes of reaction, regardless of the hydrogen peroxide concentration. It was also observed
that better results were obtained with the hydrogen peroxide concentration of 90 mg L-1.

Figure 1. The effect of pH and hydrogen peroxide removal on color (left) and turbidity (right) using
the Fenton process. Time of reaction of 90 minutes.

Similar results were obtained for the ultrasound-assisted Fenton process in 60 minutes of
reaction. In this case, the removal was 97% for color and 99.5% for turbidity. This result means
that the ultrasound reduces the time required to obtain the same results by 30 minutes when
compared to the traditional Fenton process. After obtaining the optimal condition of pH, time,
and concentration of hydrogen peroxide, kinetic experiments were carried out to evaluate color
removal and turbidity over time. The data are shown in Figure 2.

Figure 2. Kinetic evaluation for color and turbidity removal using the Fenton process with
ultrasound at pH 3 and hydrogen peroxide concentration of 90 mg L-1.
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The pseudo-first-order model fit well to the experimental data, and the R2 was 0.9905 and
0.9950 for color and turbidity, respectively. The pseudo-first-order rate constants were 0.0604
and 0.0773 min-1, for color and turbidity, respectively. It can be observed that color (89%) and
turbidity removal (95%) is obtained in 30 minutes. This fact is due to the higher consumption
of hydrogen peroxide and the superficial mass of iron of the nail at the beginning of the reaction.
Small changes occurred due to the variation of the organic contaminants in the different raw
effluent samples between 30 and 40 minutes. After this step, the ultrasonic-assisted Fenton
reaction continued, and the reaction equilibrium was reached at 50 minutes. At this moment,
the effluent was clarified entirely, achieving 95.5% and 98.9% for color and turbidity removal,
respectively (Figure 2). However, similar removal percentages were obtained using the
traditional Fenton process in 90 minutes. We obtained removals of 96.8% for color and 99%
for turbidity. Thus, the Fenton process assisted with ultrasound proved to be an efficient
alternative, reducing the treatment time. These data corroborate other studies in the literature
that reported that the Fenton process with ultrasound and or aeration might decrease the
treatment time (Cetinkaya et al., 2018).
The removal of the organic matter present in the effluent was also evaluated. The presence
of this type of contaminant is a critical parameter to measure effluent quality. The efficiency of
the Fenton process with ultrasound for organic matter removal was evaluated through the COD,
and BOD5 analyzes, considering different pH conditions and hydrogen peroxide concentration
of 90 mg L-1 and 60 minutes. All determinations were performed in triplicate, and the average
removal results are shown in Figure 3. In general, the values obtained for COD removal varied
according to the pH. The highest removal was observed at pH 3 (84.6%). At pH 2, 4, 5, and 6,
the removals were 68.4, 63, 55.8, and 50.5%, respectively. Similar results were observed for
BOD5. The mean removal of BOD5 was 98% at pH 3. Increasing the pH, the values for BOD5
removal decreased to 91% at pH 4, 72% at pH 5, and 63% at pH 6.

Figure 3. Removal of COD (left) and BOD5 (right) at different pHs and concentrations of hydrogen
peroxide of 90 mg L-1.

These results allowed us to define the optimal condition for the reaction (pH 3, time of 60
minutes, 90 mg L-1 of H2O2, and one nail). Following this, many analyses were carried out for
the effluent treated using the ultrasound-assisted Fenton process and compared to the raw one.
These analyses are shown in Table 1.
The results demonstrated significant reductions for all parameters analyzed. It also
confirms that Fenton ultrasound-assisted treatment is efficient for such wastewater. In general,
the average efficiency was above 95%, and the best results were observed in the removal of
color (98%), turbidity (98.2%), and BOD5 (98%). However, the values for COD, phosphorus,
and oils and fats were below 90%. These values may be associated with the total dissolved
Rev. Ambient. Água vol. 15 n. 3, e2453 - Taubaté 2020
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solids present in the treated effluent, which leads to the formation of the residual organic matter
iron complex, inorganic ions, and some water-soluble organic by-products formed during the
chemical degradation process (Queiroz et al., 2011). Figure 4 presents the raw and treated
wastewater with ultrasound-assisted Fenton after filtration.
Table 1. Results obtained for the characterization of the raw and treated effluent using the
ultrasound-assisted Fenton at the optimal condition.
Parameters

Raw

Treated

Removal (%)

Method

Color (Hz)

1904 ± 114

38 ± 5

98

SM 2120 C

Turbidity (NTU)

1560 ± 94

29 ± 3

98,2

SM 2130 B

COD (mg L-1)

4830 ± 326

743 ± 55

84,6

SM 5220 D

BOD5 (mg L-1)

3018 ± 232

60,3 ± 20

98

SM 5210 B

Oils and Greases (mg L-1)

100 ± 5,6

30,1 ± 4,2

70

SM 5520 D

Suspended Solids (mg L-1)

385 ± 56

24 ±3,5

93,7

SM 2540 D

Sedimentable Solids (mg L-1)

30 ± 6,8

ND

100

SM 2540F

Total Solids (mg L-1)

1000 ± 94

58,5 ± 5,5

94,2

SM 2540B

Total dissolved solids (mg L-1)

530 ± 46

29,8 ± 3,2

94,4

SM 2540 C

Phosphorus (mg L-1)

18,4 ± 3,2

2,06 ± 0,3

88,8

SM 4500-P E

Total Nitrogen (mg L-1)

152 ± 24

6,6 ± 1,5

95,6

EPA 1687

Figure 4. Raw (left) and treated (right) effluent after filtration.
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Additionally, the nail reuse capacity was studied. The results showed the possibility of
reuse of the nail in 6 treatment cycles for color removal. The sixth cycle retained over 90% of
the initial catalytic capacity (Figure 5).

Figure 5. Remaining catalytic activity of nails after many reuse
cycles in terms of color removal.

Overall, in the literature, several methods, such as electrolysis, precipitation, coagulation,
and ion exchange, are applied for the removal of organic contaminants from liquid effluents
(Casado et al., 2019; Güneş et al., 2019). However, many of these methods generate new
problems, such as more waste and, in some cases, more hazardous waste (Güneş et al., 2019).
The Fenton process is one of the most effective for removing organic matter from liquid
effluents, as hydroxyl radicals act in a non-selective manner, which enables the total
degradation of organic contaminants, thus generating a smaller volume of solid waste.
(Babuponnusamy and Muthukumar, 2014). Further, the Fenton process promotes the
destruction of the contaminant in the aqueous phase and not only the phase transfer of
pollutants, as occurs in the adsorption, coagulation, and flocculation processes. Desirable
products for the Fenton process are carbon dioxide, water, inorganic ions, and less toxic
byproducts (Queiroz et al., 2011).

4. CONCLUSION
This study showed that the use of the ultrasonic-assisted Fenton process was an efficient
alternative for the removal of organic contaminants present in the effluents from a pork
slaughterhouse. The method was able to remove both suspended and dissolved constituents.
Nutrients such as phosphorus and nitrogen were also removed. We also demonstrated that
recycled nails could be used as an iron source for Fenton, and this material can be used in many
reaction cycles. Further studies should be done to evaluate the toxicological effects of this
treatment, and also to assess the removal of contaminants of emerging concern.
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ABSTRACT
Pesticides are widely used in the agricultural sector to control and prevent pests and
diseases. The use of these products can adversely affect non-target organisms that have a
significant role in the soil, such as earthworms. This study evaluated the toxicity of the
commercial formulation of the fungicide Comet® (active ingredient – a.i. pyraclostrobin) at
concentrations of 0.08, 0.17, 0.35, 0.70, 1.40 and 2.80 mg of the commercial formulation kg-1
soil and the fungicide + insecticide Standak®Top (a.i. pyraclostrobin + thiophanate-methyl +
fipronil) at concentrations of 0.05, 0.10, 0.20, 0.60, 1.20 and 2.40 mg of the commercial
formulation kg-1 soil, plus the control treatment, to Eisenia andrei in Tropical Artificial Soil
(TAS) by means of standardized tests.
Keywords: artificial soil, earthworms, ecotoxicology, fungicide, insecticide.

Toxicidade de agrotóxicos de efeito fungicida e fungicida + inseticida
em Eisenia andrei
RESUMO
Os agrotóxicos são amplamente utilizados no setor agrícola para o controle e prevenção
contra pragas e doenças. O uso desses produtos é capaz de afetar de maneira negativa
organismos não-alvos de papel significante no solo, como as minhocas. O presente trabalho
teve como objetivo avaliar a toxicidade da formulação comercial do fungicida Comet®
(ingrediente ativo – i.a. piraclostrobina) nas concentrações: 0,08; 0,17; 0,35; 0,70; 1,40 e 2,80
mg da formulação comercial kg-1 solo e do fungicida + inseticida Standak®Top (i.a.
piraclostrobina + tiofanato metílico + fipronil) nas concentrações: 0,05; 0,10; 0,20; 0,60; 1,20
e 2,40 mg mg da formulação comercial kg-1 solo, acrescido do tratamento controle, sobre a
espécie Eisenia andrei em Solo Artificial Tropical (SAT), por meio de ensaios padronizados.
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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As concentrações dos produtos testados não foram suficientes para causar a letalidade dos
organismos. Entretanto, nas primeiras concentrações de ambos os produtos (0,08 e 0,05 mg kg1
solo) foram observados efeitos de redução nas taxas reprodutivas dos organismos, com valor
de CE50 4,51 mg kg-1 solo (< 0,05-20,94) para a formulação comercial do produto de efeito
fungicida + inseticida. Os efeitos de redução nas taxas de reprodução podem afetar a
perpetuação desses organismos no ecossistema solo à longo prazo, afetando processos
importantes como a decomposição de matéria orgânica e ciclagem de nutrientes.
Palavras-chave: ecotoxicologia, fungicida, inseticida, minhocas, solo artificial.

1. INTRODUCTION
Pesticides are used on a large scale worldwide in the agricultural and forestry sector and
represent an important tool to control pests and diseases. They have been fundamental to
maintaining high levels of food production. In 2017, the total amount of active ingredients sold
in Brazil was approximately 540,000 tons (IBAMA, 2019) and the relative consumption of
pesticides was 5.95 kg ha-1 (FAO, 2019), as a result of agricultural production mainly focused
on exports of commodities (Carneiro et al., 2015). Fungicides and insecticides are widely used
pesticides in the agricultural sector, corresponding to 13.35% and 10.43% of the domestic
market (IBAMA, 2019). These products are commonly marketed with formulations of multiple
mixtures of active ingredients, and the actual impact caused by these combinations is still littleknown, especially with respect to the possible synergistic effects between them (Yang et al.,
2017).
Several products are indicated for agricultural crops. Among them, pyraclostrobin and
thiophanate-methyl are the active ingredients of some fungicides found in pesticides such as
Comet® (pyraclostrobin) and Standak®Top (fipronil + pyraclostrobin + thiophanate-methyl).
Pyraclostrobin is a systemic fungicide belonging to the chemical group of strobilurins,
recommended for agricultural and forestry crops, such as soybean and eucalyptus (EC, 2004;
Brasil, 2020), whereas thiophanate-methyl is a systemic and contact fungicide belonging to the
benzimidazole group, intended for agricultural crops (EC, 2005; Brasil, 2020). Fipronil is an
insecticide of contact and ingestion, belonging to the chemical group of the pyrazoles, indicated
for an extensive range of applications from plants to animals (EC, 2011; Brasil, 2020). Studies
demonstrating the ecotoxicological potential of pesticides on non-target species, such as bees,
earthworms and collembolans, include the death of these individuals, possibly leading to a
population decline, even at recommended or very low concentrations (Pitombeira de Figueirêdo
et al., 2019; Sánchez-Bayo et al., 2016; Yang et al., 2017).
Improper use of pesticides, often not complying with the manufacturers’ recommendations
and including sub- and super-doses, as well as an inadequate number of applications (Fusaro et
al., 2018), are harmful to the community of soil organisms. In general, it has been estimated
that only about 0.1% of the pesticides reach the target organisms (Carriger et al., 2006) and are
considered important sources of soil, water and air contamination, and most of them do not only
reach the target organism, they also affect other non-target organisms (Niti et al., 2013), such
as earthworms. Earthworms are an essential component of terrestrial ecosystems, which
contribute significantly to the functioning of the soil, providing important services, direct and
indirect, contributing to the dynamics and fertility of the soil ecosystem (Chevillot et al., 2017)
and they accumulate toxic substances, which may affect trophic chains (Yang et al., 2017). The
species Eisenia andrei is considered representative of soil fauna, ideal for use in
ecotoxicological assays, through tests of acute toxicity (lethality), chronic toxicity (survival and
reproduction) and alterations in the biomass of the individuals, as it is sensitive to various
chemicals and substances (OECD, 1984).
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Some studies have evaluated the ecotoxicological potential of a wide range of substances
on earthworms (Chevillot et al., 2017; Rico et al., 2016). Sublethal and subchronic effects,
which include reduction in reproductive rates and damage to the DNA of earthworms after
exposure to the active ingredient fipronil in the form of a veterinary product and in pesticide
formulations with only one active ingredient (Alves et al., 2013; Zortéa et al., 2018) and with
the active ingredient pyraclostrobin (Ma et al., 2019) have already been reported. However, no
other studies were found testing the effect of such commercial formulations evaluated in the
present study in survival and reproduction toxicity tests. The present study evaluated the
ecotoxicological effect of two pesticides, one with fungicide and one with fungicide +
insecticide effects, widely used in agricultural crops and reforestation, on E. andrei by means
of standardized tests of survival and reproduction using tropical artificial soil.

2. MATERIALS AND METHODS
2.1. Test organisms
The laboratory cultivation of earthworms of the species Eisenia andrei (Lumbricidae)
followed the guidelines of ISO 11268-2 (ISO, 1998). The organisms were kept in plastic boxes
with opening on the top to facilitate respiration, in a culture medium consisting of a mixture of
two parts of dry equine manure (free of antibiotics and pesticides) sieved to 2 mm, one part of
coconut fiber powder and 10% of total dry weight of the two components (manure and fiber)
of fine sand (90/100 granulometry). The pH of the medium was corrected to values between
6.0 ± 0.5 with addition of calcium carbonate (CaCO3), and the earthworms were fed with fine
oat flakes every week. The organisms were cultivated and the tests were conducted in a
controlled environment with temperature of 20 ± 2ºC and photoperiod of 12:12 h (light:dark).
2.2. Test soil
The tests were conducted using the Tropical Artificial Soil (TAS), adapted to tropical
conditions, consisting of a mixture of 75% of fine industrial sand, 20% of kaolinite clay and
5% of dried and sieved coconut fiber (Garcia, 2004). Soil moisture was corrected at the
beginning of the test to 60% of the maximum water holding capacity (WHC), and pH was
adjusted to 6.0 ± 0.5 with the addition of CaCO3. The physicochemical parameters of the TAS
were determined according to the methodology described by Tedesco et al. (1995) and Embrapa
(2011). The results of the TAS characterization were: clay = 13.8%; sand = 73.1%; cation
exchange capacity = 30.09 cmolc dm-3; pH (H2O) = 5.6; organic matter = 5.0%; P = 8.2 mg dm3
; K = 488 mg dm-3; Ca = 0.6 mg dm-3; Mn < 2.5 mg dm-3; Cu = 0.4 mg dm-3; Zn = 1.3 mg dm3
; Fe > 5.0 g dm-3; Al = 0.8 cmolc dm-3.
2.3. Test substances and concentrations
The treatments consisted of increasing concentrations of the commercial formulations of
the fungicide Comet®, containing Methyl N-{2-[1-(4-chlorophenyl)-1H-pyrazol-3-yloxy
methyl] phenyl} (N-methoxy) carbamate (pyraclostrobin) at 250 g L-1 (25% m/v), and the
fungicide + insecticide Standak® Top, containing Methyl N-{2-[1-(4-chlorophenyl)-1Hpyrazol-3-yloxy methyl] phenyl}(N-methoxy) Carbamate (pyraclostrobin) at 25 g L-1 (2.5%
m/v), Dimethyl 4,4'-(o-phenylene)bis(3-thio allophanate) (thiophanate-methyl) at 225 g L-1
(22.5% m/v) and (RS)-5-amino-1-(2,6-dichloro-α,α,α-trifluoro-p-tolyl)-4-trifluoromethyl
sulfinyl pyrazole-3-carbonitrile (fipronil) at 250 g L-1 (25% m/v), applied to the TAS.
For each test substance, a gradient of laboratory-spiked soils, with increasing
concentrations of commercial formulations of the Comet® and Standak® Top, was achieved.
Each gradient of spiked soils was prepared with a stock solution by diluting each commercial
formulation of pesticides in distilled water before the test and applying it to the soil during its
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moisture-correction procedure. The concentrations tested were determined based on values
above and below those obtained with the commercially recommended doses of the products.
The concentration for the application of the product in its commercial recommendation
was extrapolated from the values obtained by the multiplication of the recommended volume
per hectare (ha), assuming soil density of 1 g cm-3 and 0.10 m deep layer (Comet®), and of the
recommended volume per kilogram of seeds used per hectare (ha) (Standak®Top). For both
products, soybean (Glycine max) was used as reference crop, and the amount of seeds per
hectare was calculated considering inter-row spacing of 0.50 m and 12 seeds per linear meter
(50 kg of seeds ha-1). These procedures followed the methodology described by Alves et al.
(2013) and were used to determine the concentrations of the pre-tests of acute toxicity and
subsequent calculation of the final concentrations tested.
Concentrations of 0.08, 0.17, 0.35, 0.70, 1.40 and 2.80 mg of the commercial formulation
kg-1 soil were used for the fungicide and 0.05, 0.10, 0.20, 0.60, 1.20 and 2.40 mg of the
commercial formulation kg-1 soil were used for the fungicide + insecticide. The predicted
environmental concentrations of the active principles contained in the formulations of the
pesticides are described in Table 1. The control treatment, which did not receive the products,
had only its moisture corrected using deionized water.
Table 1. Description of the commercial formulations of the pesticides tested and their active ingredient
(a.i.), and commercial doses for soybean crop.
Commercial
name
Comet®
Standak®Top

Active ingredient (a.i.)
Pyraclostrobin
Pyraclostrobin + thiophanatemethyl + fipronil

Quantity of a.i.
(g L-1)
250

Concentration at commercial dose
(mg a.i. kg-1 soil)
0.0875

500

0.05

2.4. Chronic (survival and reproduction) toxicity test
The effects of toxicity of the products tested on earthworms were evaluated according to
the methods described by the protocols ISO 11268-1 (ISO, 1995) and ISO 11268-2 (ISO, 1998)
by means of lethality and reproduction tests, respectively. The experiment was conducted under
a completely randomized design with six (6) replicates. Each experimental unit consisted of
plastic pots, which received 500 g of the artificial soil treated with the concentrations of the
pesticides tested. Prior to exposure to pesticides, the earthworms were acclimated for 24 h in
the TAS.
Ten adult and clitellated earthworms aged between 2 months and 1 year, with body weight
between 250 and 600 mg, were placed in each pot. During the test period, soil moisture was
corrected weekly and the organisms were fed at the beginning of the test and at a 14-day
interval, with moist manure of equine with no history of medication use and diet based on
pasture, sieved and defaunated by freeze-thaw cycles.
Lethality was evaluated through the reproduction tests. At 28 days after the beginning of
the test, the earthworms of each experimental unit were withdrawn and counted for the number
of survivors. In the experimental units, only the eggs and juveniles generated were kept
incubated for more than 28 days for the reproduction test. After 56 days of testing, the sampling
units were placed in a water bath at a temperature of 60°C for 60 minutes, so that the earthworms
would move to the soil surface and the juveniles generated could be counted.
2.5. Data analysis
The results of survival, reproduction and biomass loss were tested for normality and
homogeneity by the Kolmogorov-Smirnov and Levene tests, respectively. The data were
subjected to analysis of variance (One-way ANOVA) and when there was statistical difference
the means were compared by Dunnett Test (p < 0.05). Biomass loss data were subjected to nonRev. Ambient. Água vol. 15 n. 3, e2493 - Taubaté 2020
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parametric analysis by applying the Kolmogorov-Smirnov test. EC50 values (estimated
concentration to cause one or more specific effects capable of affecting 50% of the organisms)
were calculated using the Logistic model. NOEC (no observed effect concentration) and LOEC
(lowest observed effect concentration) values were also determined. All analyses were
performed using Statistica 7.0 software (StatSoft, 2004).

3. RESULTS AND DISCUSSION
Both tests met the validation criteria in the TAS in accordance with the respective ISO
guidelines. The first stages of ecotoxicity analyses are carried out in the laboratory, where a
range of concentrations of the chemical products (e.g., pesticides) can be available in an
artificial substrate (ISO, 1998). In addition, for reasons of standardization and to facilitate
comparison of results, most standardized tests using soil invertebrates were conducted in
artificial soils (OECD, 1984). Alves and Cardoso (2016) have argued that studies using artificial
soils provide information that can be internationally compared, while natural soils provide local
information. Thus, artificial soil could be used in a first step and provide an international dataset
about pesticide effects that have not yet been studied, and the researchers can decide if the risk
is acceptable or not.
The concentrations of the commercial formulations of the pesticides with fungicide and
fungicide + insecticide effects added to the TAS were not sufficient to affect the survival of E.
andrei earthworms (p > 0.05) (Figure 1) and did not cause any percentage reduction in the
biomass of these organisms (Figure 2).
The commercial formulations of the pesticides with fungicide effect containing
pyraclostrobin and with fungicide + insecticide effect containing the mixture of pyraclostrobin
+ thiophanate-methyl + fipronil did not affect death rates of E. andrei earthworms and did not
result in significant reduction of their body biomass at any of the tested concentrations added
to the TAS. No studies were found evaluating the survival and reproduction toxicity of
commercial formulations to E. andrei. However, data referring to the single active ingredients,
according to the European Union, estimate concentrations capable of causing death of 50% of
the organisms ≥ 567 mg kg-1 soil for the active principle pyraclostrobin at an exposure of 14
days, > 1000 mg kg-1 soil for fipronil and > 13.2 mg kg-1 soil for thiophanate-methyl (EC, 2004;
2005; 2011). Reductions in body biomass were observed after exposure to fipronil
concentrations of 65.5 mg kg-1 soil in TAS (Alves et al., 2013). These concentrations, capable
of causing lethal effect, are much higher than the equivalent amount of active ingredient present
in concentrations of formulations evaluated in this study.
For other soil invertebrates, such as collembolans and enchytraeids, the active ingredient
fipronil caused death of the organisms at concentrations from 0.3 mg kg-1 soil, and the toxicity
varied between the natural and artificial soils, demonstrating higher toxicity potential in
artificial soil (Zortéa et al., 2018). Although some studies report the absence of negative effects
on the survival of organisms, this does not indicate that these pesticides do not pose a threat to
the terrestrial ecosystem. For a long time, the toxicity effects of substances were estimated from
lethality tests. However, currently the sublethal effects, evaluated through reproduction and
biomass-loss tests, provide a more reliable diagnosis of the potential effect of contaminants.
Effects on reproduction and growth rates may be more sensitive than survival to assess the
environmental risk of certain substances (Reinecke and Reinecke, 2007; Wang et al., 2015).
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Figure 1. Average number of live E. andrei adults at 28 days in Tropical Artificial Soil (TAS)
treated with concentrations of fungicide (A) and fungicide + insecticide (B). (┬) Standard deviation
(n = 6).

Figure 2. Biomass of E. andrei at 28 days in Tropical Artificial Soil (TAS) treated with
concentrations of fungicide (A) and fungicide + insecticide (B). (┬) Standard deviation (n = 5).

The number of juveniles produced by E. andrei was significantly affected (p < 0.05) by
the concentrations of both commercial formulations of pesticides, fungicide and fungicide +
insecticide, containing the active principles pyraclostrobin and pyraclostrobin + thiophanatemethyl + fipronil after 56 days of exposure. In the fungicide tests, there was a reduction in the
number of juveniles at concentrations from 0.08 mg kg-1 soil (LOEC), with NOEC values lower
than 0.08 mg kg-1 (Figure 3). For the fungicide + insecticide tests, there was a significant
reduction in the number of juveniles at concentrations from 0.05 mg kg-1 soil (LOEC), with
NOEC values lower than 0.05 mg kg-1. EC50 value was equal to 4.51 mg kg-1 soil (< 0.0520.94), respectively. The EC50 values and the respective confidence intervals for the tests with
the fungicide formulation could not be calculated.
Although the concentrations of the commercial formulations of the pesticides tested did
not cause death of the exposed organisms, they were able to reduce the reproduction rate of E.
andrei. The effects of the exposure of earthworms to the fungicide containing the active
ingredient pyraclostrobin could be observed at low concentrations, demonstrating the toxicity
of this substance to the species. Effects of pyraclostrobin on E. fetida were also studied by Ma
et al. (2019), who observed oxidative damage at concentrations from 0.1 mg kg-1 soil and DNA
damage when earthworms were exposed to concentrations of 1.0 and 2.5 mg kg-1 soil. Other
Rev. Ambient. Água vol. 15 n. 3, e2493 - Taubaté 2020
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fungicides belonging to the same chemical group of pyraclostrobin, the strobilurins, were able
to cause subchronic effects. The fungicide fluoxastrobin caused DNA damage and induced
oxidative stress in E. fetida earthworms at concentrations between 0.1 and 2.5 mg kg -1 soil
(Zhang et al., 2018).

Figure 3. Average number of E. andrei juveniles found in Tropical Artificial Soil (TAS) treated
with fungicide (A) and fungicide + insecticide (B) concentrations after 56 days. Asterisks (*)
indicate a significant reduction in the number of juveniles compared to the control (p < 0.05) by the
Dunnett test. (┬) Standard deviation (n = 6).

The commercial formulation of the pesticide with fungicide + insecticide effects
containing the mixture of active ingredients, pyraclostrobin + thiophanate-methyl + fipronil,
caused reduction in the reproduction rates of E. andrei from the first concentration tested, 0.05
mg kg-1 soil. Studies evaluating the toxicity of fipronil on the reproduction of E. andrei
estimated NOEC of 5 mg kg-1 and LOEC of 10 mg kg-1 (Zortéa et al., 2018) and significant
reduction in reproduction rates at concentration of 62.50 mg kg-1 (Alves et al., 2013) in TAS.
Such concentrations are much higher than the concentrations of the active ingredient fipronil,
even at the highest concentrations tested in the present study. At the highest concentration of
the fungicide + insecticide formulation, which contains the mixture of active ingredients,
including fipronil, this active ingredient corresponds to 0.15 mg kg-1 soil. In view of the results
obtained, in which the reduction in reproduction rate was observed even at low concentrations
of the fungicide + insecticide formulation, this response may be related to the mixture of the
active ingredients, as the interaction between them may lead to greater toxicity of the substances
(Yang et al., 2017) or even to a high sensitivity to the active ingredient pyraclostrobin, present
in both formulations, observed in the evaluation of Comet®.
The mixture of active ingredients found in commonly marketed formulations and the
synergistic effect of the multiple mixtures needs to be better explored (Yang et al., 2017). Yang
et al. (2017) observed that the presence of several pesticides in the soil may increase the toxicity
of the substances, causing greater risks to the soil ecosystem than expected for the single
substances. The final effect of toxicity and interactions between the substances depends on the
mixtures, even if the molecules present in the formulations have the same mode of action
(Koutsaftis and Aoyama, 2007). Pesticides are intensely and inadequately used in many
agricultural areas, contributing to a high concentration in the soil (Nunes and Espíndola, 2012).
Although subchronic effects of the active ingredient pyraclostrobin have already been
evaluated, there are still no other studies evaluating its chronic effects on the reproductive rates
of earthworms, not even of thiophanate-methyl. For EC50 values, the European Union
considers concentrations capable of causing effect on reproductive rates in earthworms greater
than 0.443 mg kg-1 soil, 0.85 mg kg-1 soil and 500 mg kg-1 soil for pyraclostrobin, thiophanateRev. Ambient. Água vol. 15 n. 3, e2493 - Taubaté 2020
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methyl and fipronil, respectively (EC, 2004; 2005; 2011). The EC50 value found in the present
study for the commercial formulation of the fungicide + insecticide was 4.51 mg kg-1 soil (<
0.05-20.94), respectively.
These active ingredients are included in low- and moderate-risk categories for earthworms.
Although the classification does not indicate high risk and the exposure to the products tested
in the present study did not cause immediate death of exposed earthworms, effects of reduction
in the reproductive rates of this species were observed even at the lowest concentration tested.
The reduction observed in the reproduction of the organisms may be associated with a reduction
in the number of eggs (Gomez-Eyles et al., 2009). Considering the environmental exposure of
these organisms to these substances in the long term, their permanence and life cycle in the soil
may be threatened. Pyraclostrobin, thiophanate-methyl and fipronil had half-life values (DT50)
of 12-101 days, 0.48-074 days and 120-308 days (EC, 2004; 2005; 2011) and may have a
cumulative effect on the soil, especially because the products are often reapplied on the same
crop, so these substances may reach high concentrations.
In the soil ecosystem, there are many organisms that perform important ecosystem services
and guarantee the quality of the soil and yield in agricultural environments, promoting greater
diversity in natural environments and the necessary conditions for ecological resilience
(Sánchez-Bayo, 2011). Pesticides, as well as fungicides and insecticides, are harmful to
earthworms and affect nutrient cycling, consequently affecting soil fertility. When adsorbed to
organic material, these substances can still be available for earthworms and other soil organisms
for many years after application in the field, prolonging the period of exposure of such
organisms to these substances (Sánchez-Bayo, 2011). Adverse effects on earthworms may
indirectly affect plant growth, because these organisms enrich the soil with macronutrients,
providing nutrients such as phosphorus, potassium and especially nitrogen, which are essential
for plant species (Fusaro et al., 2018).
Although subchronic effects of the active ingredient pyraclostrobin have already been
evaluated, no other studies were found evaluating its chronic effects on earthworms, nor even
survival and reproduction effects of the commercial formulations of fungicide and fungicide +
insecticide, containing the active ingredients pyraclostrobin, thiophanate-methyl and fipronil.
Considering the high toxicity potential of the tested substances found in the present study,
especially pyraclostrobin, the studies should be extended to natural soils for a greater
assessment of the environmental impact of these substances when applied to the field, because
the toxicity of the molecule may still vary between natural and artificial soils, as it is directly
related to their physicochemical characteristics, high clay contents, organic matter and cation
exchange capacity, affecting the adsorption capacity of pollutants and bioavailability of
pesticides (Zortéa et al., 2018).
From the data obtained in the present study, it was possible to see that the effects of the
products tested at chronic levels are noted at low concentrations equivalent to the doses
recommended for field applications in soil, putting earthworms and other soil organisms in
danger.

4. CONCLUSIONS
The organisms of the species E. andrei were sensitive to both tested substances. Although
the concentrations of the products did not affect the death rate, they were able to cause a
reduction in the reproduction of these organisms, even at the lowest concentrations tested.
However, other non-target organisms may be more sensitive to these products and there is a
need to improve these data, including more species, such as plants, invertebrates, and
microorganisms, even aquatic organisms. These results highlight the harmful effects of the use
of these products, considering that earthworms and other organisms present in the terrestrial
Rev. Ambient. Água vol. 15 n. 3, e2493 - Taubaté 2020
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ecosystem play a key role in nutrient cycling and organic matter decomposition and may be
exposed to concentrations equivalent to those tested in the present study, due to the inadequate
and repeated application of the fungicide and fungicide + insecticide formulations based on
pyraclostrobin, thiophanate-methyl and fipronil.
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ABSTRACT
Maximum and minimum streamflow are fundamental for water resource management,
especially for water rights. However, lack of monitoring and scarce streamflow data limit such
studies. Streamflow regionalization is a useful tool to overcome these limitations. The study
developed models for regionalization of the maximum and minimum reference streamflows for
the Mortes River Basin (MRB) (Water Resources Planning and Management Unit - GD2),
Southern Minas Gerais State. The study used long-term streamflow historical series provided
by the Brazilian National Water Agency (ANA). Previous exploratory analysis was performed,
and it was observed that the streamflow series are stationary according to the Mann-Kendall
test. The estimation of the streamflow for different return periods (RP) was performed by fitting
Probability Density Functions (PDFs) that were tested by the Anderson-Darling (AD) test. The
Generalized Extreme Values (GEV) and Wakeby were the most appropriate PDFs for
maximum and minimum streamflows, respectively. The streamflow models were fitted using a
power regression procedure, considering the drainage area of the watersheds as inputs. The
fittings reached the coefficient of determination (R2) greater than 0.90. Thus, the streamflow
regionalization models demonstrated good performance and are a potential tool to be used for
water resource management in the studied basin.
Keywords: probability density functions, statistical hydrology, water resource management.

Regionalização de vazões para a bacia hidrográfica do Rio das Mortes
a montante da Usina Hidrelétrica do Funil, MG
RESUMO
Vazões máximas e mínimas são fundamentais para a gestão dos recursos hídricos,
especialmente para outorga de uso da água. Entretanto, a falta de monitoramento e a escassez
de dados de vazão são fatores limitantes para tais estudos. Para contornar tal dificuldade, uma
das ferramentas mais utilizadas é a regionalização de vazões. O objetivo neste estudo foi
desenvolver modelos de regionalização para vazões máximas e mínimas de referênciapara a
bacia hidrográfica do Rio das Mortes (MRB) (Unidade de Planejamento e Gestão dos Recursos
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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Hídricos - GD2), sul do estado de Minas Gerais. As séries históricas de vazão de longo termo
utilizadas foram disponibilizada pela Agência Nacional das Águas (ANA). Uma análise
exploratório preliminar foi realizada, bem como a análise da estacionariedade das séries por
meio do teste de tendências de Mann-Kendall. As Funções Densidade de Probabilidade (PDFs)
com diferentes números de parâmetros foram utilizadas para estimar as vazões mínimas e
máximas associadas a diferentes tempos de retorno e a performance foi avaliada por meio do
teste de Anderson-Darling. A Generalized Extreme Values e Wakeby foram as distribuições
mais apropriadas para vazões máximas e mínimas, respectivamente. O modelo de regressão
para vazões foi ajustado utilizando como variável independente a área de drenagem das estações
fluviométricas, sendo que os coeficientes de determinação obtidos foram superiores a 0,90.
Desta forma, os modelos de regionalização demonstraram uma boa performance e são uma
ferramenta potencial para ser utilizada na gestão dos recursos hídricos.
Palavras-chave: funções densidade de probabilidade, gestão dos recursos hídricos, hidrologia
estatística.

1. INTRODUCTION
To perform studies regarding floods and droughts, analyses of different scenarios of water
uses, and the streamflow prediction, among other possible applications, it is important to
understand the behavior of streamflow in basins as accurately as possible (Fan et al., 2014).
This understanding may be performed by analyzing the minimum reference streamflows and
the frequency (or return period) of the historical floods, using historical series.
Despite the importance of these studies for water resource management, streamflow data
have often been a limiting factor for most of the region of interest (Zaman et al., 2012).
Concerning the number of fluviometric gauge stations, Brazil has only a few stations, and some
of them present short or even insufficient streamflow data, especially in small-medium basins
(Beskow et al., 2014).
A common practice adopted to overcome this problem is streamflow regionalization
(Agarwal et al., 2016), which is still considered a challenging issue for hydrological science
(Samuel et al., 2011; Agarwal et al., 2016). In general, regionalization is a technique that
transfers hydrologic information from a monitored drainage basin to sub-basins with scarce
data (Mwale et al., 2011). The quality of the regionalization depends on the hydrological
homogeneity between the sites of interest and the monitored site (Razavi and Coulibali, 2013).
Beskow et al. (2014) emphasized that clustering into homogeneous regions increases the
success potential of the regionalization study.
In the quantile regionalization method, streamflows are calculated for different return
periods (RP) based on the frequency distribution for J stations (QTJ) within the region. From
these results, the parameters of the model are estimated by multiple regression procedures
taking QTJ values and exploratory variables, such as drainage area, length of the main
watercourse, slope of the basin, and rainfall of the respective stations (Naghettini and Pinto,
2007). Multiple regression is one of the most used methods to obtain a model for the
regionalization of the streamflows (Pruski et al., 2012).
The regionalization method based on the probability density functions (PDF) parameters
requires the same frequency distribution for all fluviometric stations. Further, the parameters
are related to the physiographic and/or climatic characteristics of the respective basin. The PDF
parameters can be derived based on statistical criteria for their fitting, and then, they can be
obtained with a single function for the entire region (Cassalho et al., 2018).
Other approaches to regionalization have been used. McIntyre et al. (2005) presented a
method based on ensemble modeling in which the relationship between the model parameters
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and the basin characteristics (e.g., area, perimeter) should be dealt with as a response surface
of likelihood. This surface must be integrated into a representative range of the basin
characteristics to generate a continuous joint distribution function. Therefore, the model
parameters are kept as an ensemble and its interdependencies are not neglected. Despite some
advantages, McIntyre et al. (2005) pointed to an underestimation of peak flows in a study
carried out in the United Kingdom.
A “similarity” approach is when the parameters from a gauged basin are calibrated and
transferred to the ungauged basin. In this procedure, an appropriate calibrated basin is selected
through physical similarities between it and the ungauged basin. According to Choubin et al.
(2019), accessing some geo-environmental information may be the main limitation of the
similarity approach, mainly if rainfall-runoff models are used to estimate the streamflow in
ungauged basins. Gibbs et al. (2012) point out that for regions where the number of
appropriated calibrated basins is low, the similarity approach is less attractive.
Given that the regionalization of quantiles obtained from regression using as independent
variables the physiographic characteristics has presented satisfactory results in Brazil (Maciel
et al., 2019; Silva et al., 2006), this method has been applied frequently in studies in several
places in this country. In addition, in cases that basin characteristics are available in GIS
databases, the regression approach may be more appropriate (Gibbs et al., 2012).
Grande River Basin (GRB) is located in southeastern Brazil. This basin corresponds to
approximately 12% of the hydropower produced in Brazil (Nobrega et al., 2011). Mortes River
Basin (MRB) is one of the sub-basins of the GRB, and plays an important hydrological function
for the water resources management, especially feeding the Funil Hydropower Plant (Oliveira,
2013). In addition, MRB develops several mining activities, focused on metallurgy and
limestone, and agriculture, mainly coffee production (Minas Gerais, 2013). Despite the
importance of MRB and a lot of water rights being discussed in the basin, there are few studies
in this sense in the region.
Silva et al. (2006) performed hydrological regionalization in the GRB. However, PDFs
more appropriate to simulate the frequency distribution, with 4 and 5 parameters, were not
tested, which limited their study. A more appropriate study is then necessary. Moreover, PDFs
with a greater number of parameters can be considered as a fundamental flood distribution and
have been used successfully in hydrological modeling (Busaba Bodin et al., 2016).
Therefore, a robust statistical study was proposed for the streamflows and, thus, for the
regionalization process. The objectives of the study were: i) to compare the performance of
PDFs with 2 to 5 parameters using the L-moments method (LMM); and, ii) to develop the
streamflow regionalization of the maximum and minimum streamflows (Q7,10 and Q90) for the
Mortes River Basin, southeast Brazil.

2. MATERIALS AND METHODS
2.1. Study Area
The study was carried out in the Mortes River Basin (MRB), affluent of the Grande River
Basin, in southeastern Brazil. Regarding the Minas Gerais Water Resources Planning, this basin
is known as UPGRH-GD2 (Figure 1). MRB is located in southern Minas Gerais State, with an
area of approximately 10,540 km². This basin includes the Jacaré, Cervo, and Mortes Rivers,
which are the main tributaries to the Funil hydropower plant reservoir (Eduardo et al., 2016),
whose installed power is 180 MW.
The predominant climates are the Cwa and Cwb, according to the Köppen classification,
with a mean annual precipitation of 1500 mm and an average annual temperature of 18°C
(Eduardo et al., 2016). For both climate types, summer is characterized by moderate
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temperatures and approximately 80% of the total precipitation falls in this season, while the
winter is cold and dry.

Figure 1. Study area location and fluviometric gauges stations.

The terrain is gently undulating to undulating relief, with a predominance of Cambisols in
the headwaters and Latosols and Argisols in regions where the terrain is smooth. The altitude
ranges from 770 to 1498 m. The predominant vegetation comprises high-altitude fields in the
upstream regions with the occurrence of the seasonal semideciduous forest (IMGA, 2013,
Scolforo and Carvalho, 2006).
2.2. Streamflow Database
The fluviometric gauge stations available in the Brazilian National Water Agency (ANA)
Hidroweb platform in MRB are shown in Figure 1. Because of the availability of monitored
data, the streamflow stations were selected based on a minimum of 10 years of daily
observations (Beskow et al. 2014; Caldeira et al. 2015; Cassalho et al., 2018). The maximum
and minimum annual streamflow historical series were defined taking the maximum and
minimum streamflow rates observed in each hydrological year (October to September) of the
fluviometric gauge stations.
The historical series must be independent, randomness, homogeneity, and stationarity to
fit the PDFs (Cassalho et al., 2018). Trend analysis was performed using the Mann-Kendall test
(Mann, 1945; Kendall, 1975). The primary advantages of this test are that it does not require a
Gauss distribution and is less influenced by abrupt changes (Salviano et al., 2016).
The test is based on accepting (or not accepting) the null hypothesis H0 with a probability
significant level α. H0 hypothesis assumes that the data (x1, ..., xn) of the series do not exhibit
any trends or significant temporal variations.
The Mann-Kendall’s ZMK index follows a normal distribution and can be obtained from
Equations 1, 2 and 3. A decreasing trend is observed when ZMK is negative and positive values
Rev. Ambient. Água vol. 15 n. 3, e2495 - Taubaté 2020
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result in an increasing trend (Salviano et al., 2016). In the cited equations, X is the streamflow
value in the series, and the variable S can be compared to a normal distribution when n ≥ 8. The
indices i and J represent the position of x in the series.
S−1
√Var(S)

zMK =

; para S > 0

0; para S = 0
S+1

{ √Var(S)

(1)

; para S < 0

n
S = ∑n−1
i=1 ∑j=i+1 sgn(xj − xi )

(2)

+1; se xj > xi
sgn(xj − xi ) = { 0; se xj = xi
−1; se xj < xi

(3)

A significance level of 5% was adopted. Thus, the series shows no trend if the absolute
value of ZMK is less than or equal to 1.96. This level of significance was chosen because it is
the most commonly used to avoid Type I and Type II errors.
2.3. Probability Distribution Functions and Regionalization
Before fitting the PDFs, an exploratory analysis of the data from each station was
performed to identify possible outliers, which were identified using a box plot. The parameters
of the PDFs were estimated using the Moments-L (LMM). According to Cassalho et al. (2018),
this method is less sensitive to the presence of outliers and less susceptible to bias.
The PDF has an impact on the estimates of quantiles, which may lead to an overestimation
or underestimation (Rahman et al., 2015). The PDFs used in this study were the ones available
in the studies by Cassalho et al. (2018), Naghettini and Pinto (2007) and Mello and Silva (2013),
i.e., the 3-parameter log-normal (LN3), 3-parameter Pearson (PE3), the Gumbel extreme value,
the Generalized Extreme Values (GEV), Gamma, Weibull, the 4-parameter Kappa, the 5parameter Wakeby, the generalized logistic (GLO) and the generalized Pareto (GPA).
The goodness-of-fit values of the PDFs were evaluated using the Anderson-Darling (AD)
test. This test performs well when used to evaluate asymmetric distributions and is one of the
most commonly used in hydrology (Baldassarre et al., 2009; Rahman et al., 2015). Another
advantage of this test is the ability to compare two or more PDFs (Naghettini and Pinto, 2007).
The homogeneous regions were identified based on statistical criteria, comparing the
observed frequencies made dimensionless by dividing the long-term mean streamflows of the
respective series (Naghettini and Pinto, 2007). This criterion is necessary to identify stations
with the same hydrological behavior so that the data can be extrapolated to other regions
without monitoring.
Morphometric data used as inputs for the regression models was the drainage area of each
station as it can be easily obtained from topographic maps or remote sensing. The return periods
of 2, 5, 10, 20, 50, 100, 500, and 1000 years for maximum streamflow and Q7,10 and Q90 for the
minimum streamflow are used to perform the regionalization models.

3. RESULTS AND DISCUSSION
Based on the Mann-Kendall test, at the significance level of 5%, 14 series of maximum
streamflow and 17 series of Q7 could be considered as stationary and adequate for fitting the
PDFs and, subsequently, for regionalization (Table 1). As discussed by Ishak et al. (2013), this
step is essential to avoid mistakes that result from the changes caused by non-stationarity of the
Rev. Ambient. Água vol. 15 n. 3, e2495 - Taubaté 2020
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series in the estimation of streamflow for different return periods, which may compromise the
application of the regionalization technique.
Table 1. Mann-Kendall test results, best PDF fitted and Q90 for fluviometric gauge stations in MRB.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Maximum streamflow

Minimum streamflow

Drainage
Area (km²)

|ZMk|

Best PDF fitted

|ZMk|

Best PDF fitted

Q90
(m³.s-1)

20.21
1024.00
351.55
563.85
58.68
122.18
184.67
6043.49
14046.03
382.81
827.51
2707.50
14406.42
1617.95
1053.93
182.71
390.22
1022.24
642.55
272.62

1.94
1.57
0.17
2.09
1.14
1.30
3.53
0.20
2.48
0.27
0.51
1.08
0.11
0.91
0.16
2.30
0.12
0.27
2.18
2.21

Kappa
Weibull
Wakeby
LN3
Wakeby
Kappa
Wakeby
Kappa
Wakeby
Wakeby
Weibull
GLO
GLO
GEV
-

0.82
0.01
0.38
4.25
0.11
0.53
1.37
1.44
2.21
1.07
0.04
0.92
0.54
1.03
0.11
0.33
0.89
2.69
0.77
1.93

GPA
Wakeby
Wakeby
Wakeby
Weibull
GLO
Wakeby
Kappa
Wakeby
PE3
GEV
PE3
Kappa
Wakeby
PE3
Wakeby
Wakeby

1.51
8.92
1.92
5.28
1.59
1.35
1.52
41.71
146.50
2.35
6.54
20.72
127.00
10.20
5.26
6.41
2.64
6.76
3.70
1.77

The data demonstrate that GLO, GEV, Gamma, and LN3 PDFs had good performances
for most of the maximum and minimum series (Table 2). Furthermore, Weibull distribution
also showed a good performance for several Q7 series that it is in accordance with the studies
of Lopes et al. (2017) and Barbosa et al. (2005). This demonstrates that such PDFs are the most
recommended for MRB, being able to estimate the studied streamflow in this basin.
Table 2. Numbers of historical series fitted and the best fit for each
PDFs according to the AD results.
Maximum streamflow

Minimum streamflow

PDF

AD (5%)

Best fitted to

PDF

AD (5%)

Best fitted to

Gumbel
Gamma
GEV
Kappa
GLO
GPA
Weibull
Wakeby
PE3
LN3

11
11
14
8
14
3
9
9
12
14

1
3
2
2
5
1

Gumbel
Gamma
GEV
Kappa
GLO
GPA
Weibull
Wakeby
PE3
LN3

8
14
15
13
15
5
14
15
15
9

2
3
1
1
1
8
1
-

GEV PDF had a good fit for almost all the series, except for two minimum series
(Table 2). Cassalho et al. (2018), in a regionalization study for the São Gonçalo Mirim Basin,
also identified GEV as the best PDF to estimate maximum streamflow, demonstrating a good
performance of this distribution.
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For maximum streamflow estimates, some studies indicate that the best fits were obtained
with the 3-parameter Pearson PDF. However, the LN3P (AD = 0.406) showed slightly inferior
performance than GEV (AD = 0.405) (Table 1), and both showed better performance than
Pearson PDF. A similar result was found by Lopes et al. (2017) in a regionalization study
conducted in the Teles Pires River Basin, in which LN3P PDF showed better adjustment for
maximum flows.
Regarding PDFs with more parameters, the 4-parameter Kappa presented adequate results
for most of the historical series (57% for the maximum and 76% for minimum streamflows). In
addition, Kappa PDF produced the best fit for three series of both maximum and minimum
streamflows. This higher performance was also observed by Beskow et al. (2014) in a study of
rainfall series in the state of Rio Grande do Sul, Brazil, applying Kappa PDF. Despite the good
performance, Kappa is still little-used in Brazil. The Cassalho et al. (2018) study was one of
the first studies that applied Kappa PDF in a maximum streamflow frequency analysis in Brazil.
The best performing PDF was the 5-parameter Wakeby, which had a good fit for 64% of
the maximum series and 88% of the Q7 series. This PDF had the least overall values for the
AD test, indicating better estimations of the streamflow in MRB. The results obtained by
Yerdelen et al. (2010) on streamflow regionalization in the Çoruh Basin, Turkey, showed that
Wakeby PDF appeared to be a robust distribution in two of the five regions where the Çoruh
Basin was subdivided, which were more heterogeneous. This flexibility of the Wakeby PDF
application was also highlighted by Rahman et al. (2015).
The historical series were grouped based on an analysis of the empirical frequencies made
dimensionless dividing them by their respective mean streamflow. Using these frequencies as
criteria and observing their behavior, homogeneous regions were obtained for the series of
maximum streamflow and Q7 (Figure 2). The other historical series were not used since they
did not present similar hydrological behavior. It has been demonstrated that the method based
on the empirical frequencies was able to identify the homogeneous region within MRB.
In a regionalization study conducted in the Doce River Basin, Ribeiro et al. (2005)
established the minimum threshold of six stations per region. This criterion has also been
adopted in other studies in Brazil (Cassalho et al., 2018; Lopes et al., 2017). Therefore, the
number of stations selected for the homogeneous region (eight series for maximum streamflow
and seven series for Q7) is following the abovementioned criteria.

Figure 2. A) homogeneous regions for the series of Q7 and B) homogeneous regions for the series
of maximum streamflow.

Since the Weibull PDF was the only one that had a good fit for all Q7 series within the
homogeneous region, this PDF was used to calculate Q7,10, which consists of calculating the
minimum streamflow of 7-day consecutive duration (Q7) series with a return period of 10 years.
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Q7,10 is extremely important for water resources rights in MRB, which is entirely within Minas
Gerais State. The minimum streamflow in 90% of the time (Q90%) was obtained from the
historical series positioned in descending order, calculating the excess frequency of 90%.
The models fitted for the maximum streamflow associated with the return periods analyzed
in this study and the minimum reference flows in the homogeneous region are shown in
Table 3. The contribution areas for each station ranged from slightly larger than 20 km² to larger
than 14,000 km² (Table 1). This range is relevant for the application of the regionalization
models because, according to Pruski et al. (2012), the estimates of streamflow should not be
performed for areas outside the intervals used to fit the regression model.
For the maximum streamflow, the PDF parameters could not be regionalized with the best
PDF (GEV) due to the coefficient of determination (R2) for the shape parameter (ҡ) was not
satisfactory. Therefore, the quantiles were calculated based on the distribution that best fitted
to the series in each station (Table 1). In this case, the regionalization was conducted based on
the return periods along with the drainage area of the sub-basins.
The only physiographic variable used as input in the models was the drainage area
(Table 3). The R2 values indicate the suitability of the models to estimate the maximum
streamflow, considering the return periods, and minimum reference streamflow using only the
drainage area.
Table 3. Regionalization models and their respective coefficient of
determination.
Maximum Streamflow
RP (2) = 0.17*(Area0.92)
RP (5) = 0.51*(Area0.83)
RP (10) = 0.76*(Area0.80)
RP (20) = 0.98*(Area0.79)
RP (50) = 1.22*(Area0.79)
RP (100) = 1.38*(Area0.79)
RP (500) = 1.71*(Area0.80)
RP (1000) = 1.86*(Area0.80)

R2

Minimum Streamflow

R2

0.9995
0.9995
0.9983
0.9963
0.9925
0.9887
0.9762
0.9693

Q90 = 1.76x10-03*(Area1.17)
Q7,10 = 2.33x10-4*(Area1.343)

0.9974
0.9957

The result presented in Table 3 is similar to what was observed in the study of Lopes et al.
(2017) and Pruski et al. (2012) in Brazilian basins, where the regressions that considered the
drainage area provided better performance than another criterion. However, Silva et al. (2006)
observed that, although the drainage area of the sub-basins has been the only significant
morphometric variable for prediction of Q7,10, the inclusion of the annual precipitation
improved the models for streamflow estimates in the upper Grande River Basin.
It was observed that as the return period increases, there is a reduction in the goodness-offit of the models, as indicated by the R² values (Table 3). This feature is associated with the
length of the series, which were mostly short; It is therefore associated with uncertainty
regarding the PDF fitting. Nevertheless, the use of equations may assist in the design of
hydraulic structures that use the return periods considered here as safety margins.
The models fitted for Q90 and Q7,10 had very high R² values, which indicates reliability for
their use for minimum reference streamflow estimates in MRB, mainly for studies involving
water rights use concessions in regions with no fluviometric gauge stations.
Despite the good results obtained in the streamflow estimates through the regionalization
process, the monitoring of this variable in the field and the quality of the measurements remains
a challenge for the hydrological studies in this region. In addition, the regionalization process
presents some uncertainties, as does any other technique used for data simulation.
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4. CONCLUSIONS
The analysis of the empirical dimensionless frequencies was able to identify homogeneous
regions for maximum and minimum streamflows in MRB. Thus, a hydrological behavior was
observed mainly in the main channel of the Mortes River.
Although the distributions with fewer parameters were fitted in most of the maximum
streamflows series, the PDF with four and five parameters showed greater plausibility in
estimating the quantiles according to AD, except GPA PDF. Regarding minimum streamflows,
Wakeby PDF was the one that adjusted to the highest number of series and best performance
among the analyzed PDFs.
The area demonstrates a satisfactory input for streamflow regionalization, with coefficients
of determination R2 greater than 0.9 for all the studied streamflow. Hydrological homogeneity
may be the factor that favored this result.
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ABSTRACT
Activated carbon is commonly used as a material for contaminant-adsorption processes in
aqueous systems. However, its use is more restricted to charcoal than to coal, for the most part,
in view of the fact of the higher cost (~ 40%) if the mineral is a fossil fuel which needs to be
extracted from the earth by mining. For this reason, the peach stone that comes from alimentary
industrial tailings can be a good choice for the separation of pollutants from aqueous
suspensions and other soluble substances. The purpose of this research was the development of
a low-cost filter, using stones to remove atrazine from water. Appraisal and characterization
studies were performed along with batch experiments to investigate dosing effects of the
activated carbon, atrazine concentration, contact time, and adsorption pH on removal
procedures. From the results of the experiment, an excellent removal of the analyte in question
was observed under conditions that can be considered as close as possible to the environment,
such as pH = 6.5, room temperature and 10 minutes of agitation time, always choosing the best
alternative with the lowest cost of energy and time. Batch system application has been
recommended as versatile for utilization in seasonal problems such as pesticide contamination.
Keywords: adsorption, biomass, pesticide, water treatment.

Remoção de atrazina em meio aquoso usando carvão de caroço de
pêssego
RESUMO
Carvão ativado é um material que desponta para o uso da adsorção de contaminantes
em águas, no entanto seu uso é mais restrito ao carvão vegetal do que ao mineral,
principalmente devido ao seu maior custo (~ 40%), uma vez que é um combustível fóssil
extraído da terra através da mineração. Assim, o caroço de pêssego, proveniente de
rejeitos de indústrias alimentícias, pode ser uma boa alternativa para a remoção de
contaminantes em meio aquoso. O objetivo deste estudo foi o desenvolvimento de um
carvão ativado de baixo custo proveniente de caroços de pêssego para a remoção de
atrazina em meio aquoso. Estudos de caracterização e experimentos em batelada foram
realizados para investigar os efeitos de dosagem do carvão, concentração de atrazina,
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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tempo de contato e pH do meio de adsorção, na remoção de atrazina. A partir dos
resultados do delineamento experimental, observou-se excelente remoção do analito em
condições próximas a do meio ambiente, como pH = 6,5, temperatura ambiente e tempo
de agitação de 10 minutos, buscando sempre um menor custo de energia e tempo. A
aplicação por sistema de batelada foi sugerida como versátil para aplicação em
problemas sazonais, como a contaminação por pesticidas.
Palavras-chave: adsorção, biomassa, pesticide, tratamento de água.

1. INTRODUCTION
Since consumption and demand for food have increased, the use of pesticides increased in
agriculture so that production could be improved. Also, agrochemical application has generated
major environmental complications, such as contamination of the public water supply.
Consequently, inappropriate disposal of these organic compounds in nature tends to increase
their already existing concentrations in soil and in aqueous media, making them toxic to all
living beings with whom they come in contact (Ghosh and Philip, 2006). In this context, Brazil
is one of the nations use pesticides the most (Fao, 2014), as a result of agricultural expansion.
Currently, the atrazine is one of the most commonly used agrochemicals in the country.
Atrazine (ATZ) is among the most widely used herbicides in the world, and it has been
detected in high concentrations on the surface and water table. ATZ is characterized by its wide
application, high persistence in different media, capability to produce effects in the
neuroendocrine and reproductive systems. Some scientific studies have begun to investigate the
genetic mechanisms of toxicity; however, studies have also demonstrated that epigenetic
mechanisms are limited (Wirbisky et al, 2016; Martins-Santos et al, 2018).
Atrazine is a suspected EDC (endocrine-disrupting chemical), and its intensive use and
low biodegradability has led to the accumulation of this compound in the environment,
contaminating surface water and groundwater (Schleder et al., 2017). There are several methods
that can be used in water/effluent treatments containing pesticides, such as, adsorption in
activated carbons, biological treatment, oxidation processes (Ozone, Hydrogen Peroxide,
Chlorine, Ultraviolet Irradiation) and advanced oxidative processes (Photocatalysis, Fenton
Reagent, Combined O3/H2O2/UV Systems) (Mudhoo and Garg, 2011).
The adsorption of organic compounds using activated carbon (AC) is one of the most
important technologies indicated for the industrial effluent treatment. AC is a porous adsorber
that can be obtained from different carbonaceous raw materials. In addition, it has a large
surface area containing a variety of functional groups, responsible for its adsorption power
(Lima et al., 2014; Mandal and Singh, 2017; González-Garcia, 2018).
AC is typically used to adsorb taste and smell from organic compounds, in addition to
synthetic chemicals in potable water treatment procedures (USEPA, 2011). The two main types
of activated carbon used in the purification processes are the GAC and PAC (respectively
granular and powdered carbon). The principal attribute that distinguishes the GAC from PAC
is the size of its particle. The GAC normally has its diameter varying from 1.2 mm to 1.6 mm.
In Brazil, the treatment plants are not structured for the continuous use of powdered carbon;
therefore, even when the waters are treated, they exude a characteristic ground smell and release
taste; also, treatment facilities make use of pulverized carbon as a method to remediate the
problem.
There are many public health problems that can be caused by the presence of ATZ in the
potable water; besides that, conventional water treatment is limited and is not capable of the
removal of these kinds of contaminants. Thus, the objective of this work was to evaluate the
ability to reduce the concentration of ATZ in aqueous solutions by using an alternative activated
Rev. Ambient. Água vol. 15 n. 3, e2343 - Taubaté 2020
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carbon. The AC was produced from peach stone coming from food industries, where they were
discarded on a large scale.

2. MATERIALS AND METHODS
2.1. Adsorbent Material, equipment and reagents
The raw material used was obtained from the carbonization, activation and pulverization
of the peach stone in natura. The carbonization processes were performed using controlled
burning in conventional refractory furnaces, air convection (oxygen as an oxidant agent) and
high temperatures (from 260°C to 432°C). The carbonized peach stone activation was made by
using steam and air (oxygen) in a refractory furnace at high temperatures (above 600°C), in a
reaction time of about 4 hours.
This material was kindly provided by AlphaCarbo Ltda. The quantification of ATZ was
made by using spectrophotometry in the ultraviolet region at 222 nm (Spectrum Meter, Model
SP-2000 UV) with a 10 mm optical path quartz cuvette (ASTM, 2014). Adsorption studies were
performed using a shaker table (Tecnal TE-420). The analytical standard of ATZ from SigmaAldrich was also used. Natural water samples were collected and filtered by 0.45 μm membrane
to remove suspended particulate matter, then different concentrations of ATZ were added for
the evaluation of the adsorptive capacity of the peach stone activated carbon- PSAC.
2.2. Characterization of peach stone activated carbon
The peach stone activated carbon characterization was succeeded by the analysis of some
physical and chemical properties, such as: porosity (NBR 9165, ABNT, 1985), volatiles content
(Adad, 1982), iodine number (D 4607-94, ASTM, 1999), caramel adsorption (JIS K 1474, JSA,
2007) and fixed carbon (Adad, 1982). The PSAC morphology was investigated by a scanning
electron microscopy (SEM) using the Hitachi High Tech TM 3000 device attached to an EDS
Swif ED 3000 at 15Kv.
2.3. Evaluation of ATZ removal efficiency in aqueous medium
Studies have been developed involving pH, temperature, contact time, mass and adsorptive
capacity of PSAC in order to obtain the best condition for the removal of ATZ in aqueous
medium. In order to evaluate the required mass of the PSAC to remove ATZ from the water
solutions, numerous experiments were performed (D3860-98, ASTM, 2014). Different dosages
of PSAC (0.001 to 0.005 g) were added in water samples (50 mL) with varied concentrations
of ATZ (200 to 600 μg L-1) in contact with different masses of PSAC (0.001 to 0.005 g), and it
was maintained under constant stirring for 2 hours. The adsorptive capacity of the ATZ by the
PSAC was calculated according to Equation 1.
𝒒 = (𝑪𝒐 − 𝑪𝒆)

𝑽

(1)

𝑴

Where:
q = carbon adsorptive capacity (μg ATZ g-1 carbon);
Co = initial concentration (μg L-1);
Ce = concentration at equilibrium (μg L-1);
V = volume (L);
m = activated carbon mass (g).
The best conditions for the adsorption of ATZ (400 μg L-1) by PSAC (m=0.0025 g) were
investigated by using an experiment design 23, which was organized through the variables of
pH, temperature and stirring time, in three levels (lower, upper and central) as per Table 1.
Rev. Ambient. Água vol. 15 n. 3, e2343 - Taubaté 2020
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Table 1. Results obtained from experimental design 23.
Experiment

Experimental conditions

st

1
2nd

pH = 8.00; 50°C; 60 min
pH = 4.00; 50°C; 60 min

3rd

pH = 8.00; 25°C; 60 min

th

4

pH = 4.00; 25°C; 60 min

5th

pH = 8.00; 50°C; 10 min

th

pH = 4.00; 50°C; 10 min

th

pH = 8.00; 25°C; 10 min

th

pH = 4.00; 25°C; 10 min

9th

pH = 6.00; 35°C; 30 min

6
7
8

th

10

pH = 6.00; 35°C; 30 min

Adsorption isotherms were plotted according to Freundlich and Langmuir equations to
obtain the information about the adsorption capacity of PSAC and adsorbate/adsorbent affinity.

3. RESULTS AND DISCUSSION
3.1. PSAC characterization
It is extremely important to know the chemical and physical properties of the adsorbent
materials, since they will indicate for which purposes they can be applied according to their
structure and interactions. Figure 1 shows images of peach stone in pieces, powdered PSAC
and a scanning electron microscope (SEM) image of the PSAC. Table 2 presents the results of
the physicochemical parameters from the PSAC and also of a commercial activated carbon
(PAC), which was used for comparison with the proposed alternative material. The SEM image
suggests a porous surface of PSAC (Figure 1C), which is in agreement with measured
parameters of iodine index (487.89 mg g-1) and caramel discoloration (29.44%) of PSAC,
indicating the possibility of the product application. Silva et al. (2019), described the total BET
surface area of PSAC as 500.70 m2 g-1 and also that 64% of the total pore volume consisted of
micropores.

Figure 1. Images of peach stone in pieces (A), powdered activated carbon of the peach stone (B), and
enlarged image of the PSAC (C).
Source: author.
Rev. Ambient. Água vol. 15 n. 3, e2343 - Taubaté 2020

Atrazine removal in aqueous solutions using activated …

5

Table 2. Physicochemical parameters of PSAC and
commercial activated carbon (PAC).
Parameters

PSAC

PAC

% Porosity

0.31

0.74

% Volatiles contente

16.04

22.20

% Fixed carbono content

74.18

61.83

Iodine number (mg g-1)

487.79 767.16

% Caramel adsorption capacity

29.44

77.23

It was observed that the PAC used commercially presented higher values in four of the five
evaluated parameters. Volatile material content, defined as the gases which are released during
the burning of carbon, depends on the chemical composition of the raw material used, indicating
that the two carbons have different chemical composition (Carmo, 1988). The PSAC's lower
volatile percentage corroborates and is in agreement with the result of porosity (0.31%), which
was about 50% lower than the commercial PAC, because the smaller the pore quantity, the
smaller the volatile quantity. Furthermore, the composition of the vegetable residual product
has a strong influence on the porosity of the obtained activated carbon, and that high lignin
amount has a great potential to produce structure of macropores while cellulose produces
predominantly microporous materials (Cabal et al., 2009).
In the chemical activation the oxidant agent and the carbonization temperature are factors
that can contribute to the carbon porosity, as they influence the area and porosity characteristics
of the activated carbon produced (Tay et al., 2009).
The adsorption characteristics of the AC are determined by the pore structure (magnitude
and pore volume distribution) and functional groups that provide the acid-base characteristics
surface of the activated carbon (Ahmedna et al., 2009; Aworn et al., 2008). Raw materials from
fruit residues, such as seeds and hazelnut shells, when subjected to activation at high
temperatures present vast surface area and high development of micropores (Tay et al., 2009).
The existence of micropores is favorable for adsorption in gaseous states, as well as meso and
macropores are indicated for liquid state adsorption (Teng and Lin, 2002).
Iodine adsorption capacity and caramel discoloration can indicate the size of the pores in
activated carbon. High values of the two parameters indicate that the material can adsorb
molecules of small molecular weight (by iodine number) and heavy molecular weight (by
caramel discoloration). Other studies have already evidenced such results, the number of iodine
is related to the adsorption of molecules of small molecular weight (Di Bernardo and Dantas,
2005), being used as representative index of the amount of micropores present in activated
carbon sample (Brandão and Silva, 2006). The PAC showed high values for both parameters,
indicating that it is a carbon that presents micro- and macropores in its structure, whereas the
PSAC suggests to present intermediate pores (mesopores). According to the study (Donati et
al., 1994), in which eight samples of PAC that were analyzed, it was verified that the carbons
produced from wood present the largest volume of micropores and mesopores.
Trugilho and Silva (2001) has studied a carbon produced from eucalyptus, and reported a
low quantity of volatile materials, high levels of fixed carbon and increased calorific value in
the material. The PSAC showed a value of calorific power higher than the commercial material
PAC, being able to present a great energetic and industrial potential of the carbon derived from
this raw material (Trugilho and Silva, 2001). It is estimated from the result obtained from the
fixed carbon amount for PSAC (74.18%), that it has high levels of lignin and holocellulose
(Santos et al., 2016).
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3.2. Evaluation of PSAC adsorption efficiency to ATZ removal
Different masses of PSAC were placed in contact (2 h) with solutions containing different
dosages of ATZ. Table 3 presents the results of this evaluation. It was observed that the higher
the PSAC mass the greater the ATZ removal, and that from the mass of 0.00750 g, all ATZ was
removed regardless of its concentration (200 a 600 µg L-1).
The adsorptive capacity of the PSAC was calculated after further tests were carried out by
setting the PSAC mass to 0.00250 g and varying the ATZ concentrations from 200 to 600 μg
L-1. In addition to the adsorptive capacity of the PSAC (Table 4), the adsorption isotherm of the
ATZ in PSAC was also constructed (Figure 2). The curve presented a characteristic of the
isotherm model described by class H, suggesting that the adsorbate has a great affinity for the
adsorbent (Giles et al., 1960). The isotherm configuration is a strong indicative to explain the
adsorption phenomenon. Activated carbons that have large adsorptive capacity shows concave
isotherms. It means that a large amount of ATZ can be adsorbed per unit of activated carbon
mass (Moreno-Castilla, 2004).
Table 3. Study of the variation of PSAC mass as a function of
ATZ concentration.
Concentration of ATZ (μg/L) removed by PSAC
PSAC (g)
1

2

3

4

5

0.00050

108.20

92.96

88.00

80.95

67.78

0.00075

114.75

107.25

106.67

104.76

100.42

0.00100

137.70

111.97

117.33

114.29

110.46

0.00250

180.33

135.21

133.33

130.95

115.48

0.00500

186.89

300.00

400.00

485.71

600.00

0.00750

190.16

300.00

400.00

500.00

600.00

0.01000

196.72

300.00

400.00

500.00

600.00

Initial ATZ concentration: (1) 200; (2): 300; (3): 400; (4): 500; (5):
600 µg/L.
Table 4. Study of PSCA adsorption capacity (m= 0.00250 g).
ATZ initial concentration (µg/L)

ATZ residual concentration (µg/L)

% Removal

q

200

6.06

97

0.0038

300

41.7

86

0.0051

400

102.9

74

0.0059

500

123.6

75

0.0075

600

208.0

65

0.0078

q = adsorptive capacity of carbon.
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Figure 2. ATZ adsorption isotherm in PSAC.

Several parameters were varied simultaneously through experimental design to evaluate
the best ATZ adsorption medium by PSAC. Figure 3 shows the Pareto graph indicating that
none of the factors applied to planning 23 were significant, so univariate studies can be done.
No factor as well as its correlations were important in ATZ sorption by PSAC.

Figure 3. Pareto graph obtained from the results of factorial design 23.

From the results obtained in the experimental design, an adjustment was made for
conditions close to the environment, such as pH = 6.5, ambient temperature and the stirring
time of 10 minutes, always seeking a lower cost of energy and time. Lima et al described that
the PSAC zeta potential is 7.11, so in the adsorption pH suggested in this work (6.5), the surface
of the carbon showed positive charges, positively influencing the adsorption of ATZ (Lima et
al., 2014).
Rev. Ambient. Água vol. 15 n. 3, e2343 - Taubaté 2020
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3.3. PSAC application in natural water sample
In order to evaluate the adsorption study of ATZ in PSAC, it was applied in real samples
of lake water doped with ATZ (400 µg L-1) to verify the adsorption efficiency of the ATZ in
the presence of competitors dissolved in the sample, such as metallic ions, humic and fulvic
acids. The PSAC dosage used was 0.00250 g in order to evaluate the factors involved during
the ATZ removal process, because in the presence of activated carbon heavy masses, all ATZ
would be sorbed and it would be difficult to calculate the sorption capacity in view of the natural
interference in the sample. Figure 4 shows the ATZ contents removed in ultrapure water and
in natural water samples. When ATZ was present in ultrapure water, 35% of it was removed by
the PSAC, and when present in the natural water sample was 25%, indicating that there is,
undoubtedly, competition between other natural compounds present in the sample for PSAC
active sites. However, it should be noted that the adsorbent mass used in this evaluation was
very small and that larger masses of carbon could certainly remove all of the ATZ from the
medium, as may already be observed from Table 2 data for PSAC masses equal to or greater
than 0.0075 g.
Coelho et al. (2012), also described competition between ATZ and organic matter in
adsorption studies using pulverized coconut shell activated carbon. They observed that the
Adsorption Capacity Constant (Kf) value, in effluent water, suffered a reduction of 29%,
demonstrating interference from other adsorbates in the TOC/ATZ relation. Zadaka et al.
(2009) removed ATZ from water using polycations pre-adsorbed on montmorillonite. Batch
experiments demonstrated that the most suitable composite poly (4-vinylpyridine-co-styrene)montmorillonite removed 90–99% of atrazine within 20–40 min and the filter was only slightly
influenced by organic material. Torrellas et al (2015) evaluated activated charcoal from peach
stones for adsorption of emerging contaminants (caffeine, diclofenac and carbamazepine) in
ultrapure water. Adsorbent material was chemically activated by H3PO4(s). Carbamazepine
adsorption capacity was higher than caffeine and diclofenac. However, this activated carbon
was not applied to actual samples to assess competition between other components present in
natural waters.

Figure 4. Removal of ATZ (400 µg L-1) in solution using PSAC (0.0025 g).

4. CONCLUSION
Considering the effects of ATZ in the medium and its health impacts, its removal by the
adsorption mechanism with the use of peach stone activated carbon becomes a viable alternative
as ATZ removal technology.
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The suggested experimental adsorption conditions, such as pH close to neutral, ambient
temperature and short contact time (10 min) are favorable, since they do not demand a high
energetic cost.
According to the physicochemical characteristics of peach stone activated carbon,
porosity, surface area and iodine number, its indication as adsorbent material is suggested.
The application by batch system was suggested because it’s versability for application in
seasonal problems, such as pesticide contamination, as well as the low cost.
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ABSTRACT
Effluent collection and stormwater management make use of different drainage systems,
which should remain unconnected with one another. If stormwater drains into sewage collection
systems, it often causes changes in effluent quality indicators at sewage treatment plants. This
study sought to quantify the changes caused by rain in a Wastewater Treatment Plant (WWTP)
located in Paulista, PE, which uses the activated sludge system. Accordingly, changes in pH,
temperature, BOD, and treatment efficiency at the inlet and outlet, as well as inlet flow were
analyzed on dry and rainy days at the plant, which has a sewage capacity of 400 L s-1. The input
volume was found to be greater than the design flow of the station, about 25%. With this, some
relevant operational controls were identified, such as temporarily shutting down sewage
pumping stations in order to maintain full operation of the system and avoid overload. The pH
increases slightly in alkalinity, about 0.3, but this does not interfere with the treatment process.
The temperature of the influent on rainy days is about 3 to 5 degrees cooler, depending on the
intensity of the event. Using the T and Z tests, it was possible to identify that BOD
concentrations in the influent and the effluent were not significantly different (uneq. var. t: 1.18
> 0.26 and uneq var. z: 0.71 > 0.48, respectively), and the organic load removal efficiency was
maintained, contrary to what is expected with other, more simple types of treatment.
Keywords: absolute separator system, activated sludge, effluent treatment.

Efeitos da intrusão de águas pluviais em um sistema de tratamento de
esgotos por lodo ativado
RESUMO
A coleta de afluentes e o manejo de águas pluviais são canalizadas em sistemas distintos,
não devendo haver comunicação entre si, pois quando isto acontece é comum identificar
alterações nos indicadores de qualidade dos efluentes nas estações de tratamento de esgotos.
Deste modo, objetiva-se quantificar as alterações causadas pela chuva no tratamento de esgoto
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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sanitário, os quais utilizam o sistema de lodo ativado. Para uma ETE, localizada no município
de Paulista, PE, com capacidade de 400 L s-1, utilizando sistemas de lodos ativados, foram
analisadas as alterações, na entrada e na saída do sistema para os: pH, temperatura, DBO e
eficiência de tratamento, além da vazão de entrada, entre dias considerados secos e chuvosos.
Foi constatado que o volume de entrada é incrementado em média de 25% da vazão de projeto
de dimensionamento da estação. Com isto, alguns controles operacionais relevantes foram
identificados, como a paralização temporária de estações elevatórias de esgoto, visando manter
o pleno funcionamento do sistema, evitando sua sobrecarga. O pH sofre leve aumento na
alcalinidade, cerca de 0,3, mas sem interferir no processo de tratamento. Já a temperatura do
afluente em dias chuvosos sofre redução de 3 a 5K, dependendo do evento. Utilizando os testes
T e Z, foi possível identificar que não houve alterações significativas (uneq. var. t: 1.18 > 0.26
e uneq var. z: 0.71 > 0.48, respectivamente) nas concentrações de DBO, tanto no efluente
quanto no afluente, e a eficiência de remoção de carga orgânica foi mantida, ao contrário do
que se espera em outros tipos de tratamento mais simples.
Palavras-chave: lodos ativados, sistema separador absoluto, tratamento de efluentes.

1. INTRODUCTION
Basic sanitation encompasses essential systems that are of great relevance to the
population. Its activities include water supply and treatment for use and consumption, sewage
collection and treatment, urban drainage, including stormwater management, urban collection
and sanitation, and control of pests and pathogens. Sewage collection and treatment are key to
reducing pollution and contamination of water bodies and soil, and improving the quality of
animal and plant life. The World Health Organization (WHO) estimates that each R$ 1.00
invested in basic sanitation is equivalent to R$ 4.00 spent on healthcare due to problems arising
from lack of sanitation (Costa et al., 2018).
According to Jamwal et al. (2015), sewage systems can be differentiated with regard to
their interaction, or lack thereof, with the rainwater collection system. This distinction is
influenced mainly by the geographical position and economic situation of the drainage basin.
These systems can be divided into: combined (or unitary) systems, mixed (or partial) separator
systems, and absolute separator systems. Combined systems perform better and are more
common in more affluent, subtropical regions (such as Western Europe) where all rainwater
discharge is directed to sewers. In tropical areas, where precipitation volume is more significant,
absolute separators or mixed separators can be used. The use of mixed separator systems
depends on the deployment system or project adopted, combining the needs and benefits of
each system.
In the absolute separator system, sewage must be collected, transported, and treated
separately from rainwater, but in practice this does not happen. In fact, there are connections
between the two systems, either through clandestine connections or through accidental
interceptions. In the case of sanitary sewage systems, this can happen in several ways: rain
infiltration into the soil that is consequently redirected to the sewage system, surface
contributions caused by rainwater entering devices such as manholes, or through irregular
contributions such as direct connections with the public drainage network or with building
rainwater drainage pipes in sewage collection systems (Ribeiro and Peixoto, 2018).
With the increase of influent sewage flow through the rainwater system, various harmful
changes occur. Overloading of the collection pipes (which are not sized to absorb this increase)
and at the entrances of Wastewater Treatment Plants (WWTPs) can be from 40% to 300%
higher than on days without rainfall, depending on the precipitation intensity and the size of the
basin (Mines et al., 2007; Ribeiro and Peixoto, 2018).
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Regardless of the collection method (absolute separator, mixed, or combined), the different
treatment types react in various ways to this increased flow, especially the most rudimentary,
such as stabilization ponds, septic tanks, Imhoff tanks with secondary anaerobic or even
biological filter systems. In general, systems that are highly dependent on primary settling
treatments can be said to be most influenced by this parasitic contribution (Tonetti et al., 2012).
Saliba and von Sperling (2017) point out that, although the treatment efficiency (organic load
removal) in more advanced treatment systems (such as activated sludge) is not affected, during
periods of rain there is a noticeable increase in operating costs as well as a reduced sewage
treatment detention time.
Unlike qualitative studies in this context, quantitative studies are still scarce in Brazil,
especially with regard to large systems. Therefore, this study aimed to quantify the changes that
occur due to rainfall interferences in sewage collection systems, taking into account the
differences in effluent quality indicators between dry and rainy days for a large capacity
Wastewater Treatment Plants that uses an activated sludge treatment system, taking into
consideration the following input and output indicators: temperature, pH, BOD, and organic
load removal efficiency, as well as a historical comparison of the inflows at the plant.

2. MATERIALS AND METHODS
The Janga WWTP has been operational since 1981, and has a flow rate of around
400 L s-1. It was designed to serve 451,900 inhabitants. It currently uses a secondary activated
sludge treatment system due to the need for high efficiency and low availability of physical
space (relative to project demand). The sanitary sewer system basin of Janga, which comprises
the entire sub-basin system, is located in the municipalities of Olinda and Paulista, which are
part of the Recife Metropolitan Area. It is noteworthy that not all areas within the basin have
sewage collection or even water supply. The sanitary system, shown in Figure 1, contains the
Janga (blue) and Olinda (yellow), sub-basins, which are approximately 2206 km² and 2101 km²,
respectively. After treatment, the effluent is directed to the receiving body, flowing into the
Timbó River.

Figure 1. Basins in the Janga treatment plant sewage system and its rainfall
stations: Paulista, Academia Santa Gertrudes (SGA), and Olinda; and the
effluent receiving body (Timbó River).
Source: Adapted from Google Earth (2019).
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The Janga sanitary sewer system is located on the coast of Pernambuco, which has a hot
and humid Ams (Koppen classification) tropical climate, with average annual temperatures
between 298K and 303K. The months with the highest temperatures are October, November,
and December. During the winter period in June, July, and August, the temperature drops
significantly, averaging 295K (Wanderley et al., 2018). The Pernambuco coast has an average
annual rainfall of 2050 mm, being the area with the highest rainfall in northeastern Brazil, where
the months of October through February are very dry with the rainy season beginning in March.
The highest rainfall is usually recorded in June, with an average accumulation of more than 600
mm (Holanda and Soares, 2019).
To carry out the study, analytical data of effluent quality was used, supplied by the
Pernambucan Sanitation Company (Compesa), the current sanitation services concessionaire in
Pernambuco. Data collections are performed once a month to verify compliance with legislation
and other environmental agencies. For this study, effluent temperature, pH (Thermo Scientific
Orion Star A221, APHA et al., 2012), and BOD were measured (Respirometric Method, APHA
et al., 2012) at the treatment plant inlet and outlet, as well as the BOD removal rate, necessary
to evaluate treatment efficiency, and the inlet flow rate, used in the rainfall data. For this, data
provided by the Pernambuco Water and Climate Agency (APAC) were necessary. These data
were obtained from three stations, two in Olinda (Olinda and Academia Santa Gertrudes) and
one in Paulista (Paulista), which are the most suitable for this study because of their
geographical position.
When the rainfall data showed the highest precipitation rates, comparisons were made
between the amount of effluent collected at the WWTP on that day and on the day before. For
the Janga Basin, the Paulista station was considered, and for the Olinda Basin, the arithmetic
mean of the Olinda and Academia Santa Gertrudes stations was used to obtain the rainfall
indexes. To consolidate the data, a weighted average was used, taking into account the area of
the basins in relation to their respective rainfall amounts. The Thiessen method was not used,
because the graphic division would leave most of the system influenced by only the Paulista
station, and both Olinda stations would have minimal influence on the process.
According to Wanderley et al. (2018), a day with very heavy rainfall in Recife is
characterized as a day when rainfall is greater than or equal to 25 mm, while moderate rainfall
is a value between 15 and 25 mm. Days with precipitation less than 15 mm can be considered
as dry or low rainfall. The analyzed data was then separated in order to quantify cases based on
daily accumulated volume. Six of the data collection days had rainfall greater than 15 mm, as
shown in Table 1.
Table 1. Rainfall for the sanitary sewer system under study on rainy days (*) and dry days.
Event date

Precipitation
(mm)

Event date

Precipitation
(mm)

03/DEC/2018
08/NOV/2018*
01/OCT/2018
20/SEP/2018
22/AUG/2018
12/JUL/2018
05/JUN/2018
02/MAY/2018*
16/APR/2018*
08/MAR/2018

0.00
25.89
0.00
0.08
2.40
2.03
3.02
15.93
32.45
3.05

08/FEB/2018
02/JAN/2018
04/DEC/2017
06/NOV/2017
02/OCT/2017
05/SET/2017
03/AUG/2017
03/JUL/2017*
01/JUN/2017*
12/MAY/2017

0.00
0.00
0.02
0.07
0.16
3.91
4.28
25.00
22.38
3.26

Source: APAC, 2019.
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Event date

Precipitation
(mm)

12/APR/2017*
27/MAR/2017
07/JUL/2016
02/JUN/2016
19/MAY/2016
19/APR/2016
09/MAR/2016
01/FEB/2016
04/JAN/2016

52.21
6.40
4.44
0.14
0.16
9.41
0.00
0.97
0.00
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The period from 2016 to 2018 was considered for data analysis. During the first year of
the study there were external interferences that prevented flow measurements at the WWTP,
except in April and June, as the unit was undergoing adjustments to its physical structure to
allow for installation of an ultrasonic flowmeter. From May 2016 to January 2017, intensive
recoveries were carried out on the unit (civil adjustments, structural restoration, and equipment
modernization), not allowing samples collected from August to December 2016 and January
2017, making analysis of effluent in this period impossible. To maintain consistency in the
efficiency data (organic load removal), only data available after December 2016 were
considered. The principal indicators to be analyzed, established in CONAMA Resolution 430,
are: pH, which should remain between 5 and 9; temperature below 313K, and BOD with a
maximum limit of 120 mg L-1 or a minimum organic load removal of 60% (CONAMA, 2011).
Data were divided into two groups, according to the categorization of the collection days (rainy
and dry). Among these samples, the Anderson-Darling and Shapiro-Wilk normality adherence
tests were performed, at a significance level of 5%, in addition to the T-test, for data recorded
from January 2017, and the Z test, for records between January and February 2016 and from
January 2017 to December 2018, in order to identify significant variations between rainy and
dry days for the studied parameters (pH, temperature, and BOD). For both tests, the Past was
used (Hammer et al., 2001).

3. RESULTS AND DISCUSSION
A comparison of the inlet flow rates, pH, temperature, BOD and efficiency of the treatment
station was performed on rainy and dry days, in order to identify any significant differences
that would quantify the influence of rainwater on the sewage system collection basin.
In Figure 2, it is possible to observe the instantaneous flow rate on the collection days, the
average flow rate for dry days, the threshold separating dry and rainy days, and the daily
precipitation. The average flow rate of the WWTP was 366 L s-1 on dry days and approximately
464 L s-1 on rainy days, with this difference representing an average increase of 24.5% in the
projected flow rate, i.e. an increase of 98 L s-1, a value that considerably alters the project design
and sizing of the WWTP. For 2016, only the April 19 and June 2 records were considered, due
to the structural renovation of the WWTP and the installation of the new flowmeter. From
January 2017 on, all data were considered, except for 12/APR/2017, 06/JAN/2017, and
06/MAY/2018, which presented highly unusual values, with precipitation of approximately 52
mm, 22 mm, and 3 mm, respectively (two rainy days and one dry day) and flow rates of 182 L
s-1, 63 L s-1, and 8 L s-1. The first two dates have low flow rates in relation to the others registered
and the third has a flow of almost zero. This is explained by the operational control of the
WWTP, whereby booster pumps are deactivated so as not to overload the sewage treatment
design flow on days of major upstream contributions (whether influenced by rain or not). These
values were therefore disregarded when calculating the average inlet flow.
According to Branco (2015), this procedure is common and necessary for the proper
functioning of the treatment system, by not significantly changing the operation of the station.
These procedures are defined by the control of the incoming flow at the WWTP, the monitoring
of the operation of all treatment components, the maintenance of the aeration tanks, decanters,
pumps, and equipment, and the disposal of excess sludge.
Agreeing with the results found, several studies (Shatat and Najar, 2011; Branco, 2015;
Saliba and von Sperling, 2017; Ribeiro and Peixoto, 2018) show that the interference of rainfall
in sewers and sewage treatment plants directly influence various aspects of the operation of the
sanitary sewage system. The increase of inflow on stormy and high rainfall days is strongly
correlated and may be up to three times higher than that recorded on dry days, depending on
the size of the basin in which it is located. Concentrations of suspended solids and NH3 can be
as much as 10 and 1.2 times greater, respectively. Due to the increase in flow rate, the studies
Rev. Ambient. Água vol. 15 n. 3, e2497 - Taubaté 2020
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mentioned above suggest that BOD concentration is diluted by the large increase in water
volume, generating negative consequences, such as a reduction in detention time and a
reduction in treatment efficiency because the organic input load is lower (Mines et al., 2007).

Figure 2. Input Flow, Precipitation, and Average Flow for the study days.

The other values recorded range from 311 L s-1 (April 2016) to 430 L s-1 (July 2017) for
dry days and from 421 L s-1 to 530 L s-1 for rainy days. According to Figure 2, flow data tends
to stabilize after July 2017 (except for June 2018), settling near the dry day average at around
370 L s-1.
Figure 3 shows the boxplots for the pH, temperature, and BOD indicators of the inlet and
outlet flows of the Janga WWTP effluent on dry and rainy days.
The pH values indicated that dry days had more acidic effluent than rainy days, a difference
of about 0.3 for both average and median (Piratoba et al., 2017). From the boxplot, it is possible
to see that the influent is more acidic than the effluent, due to the sewage treatment itself, which
in this case is aerobic, with a tendency to become more alkaline. Two outliers during the rainy
season were identified, and these were disregarded in the statistical analysis. The pH on rainy
days was numerically higher, and there was less dispersion between quartiles, both at the
entrance and exit of the station, and it can be inferred that the effluent acidity was slightly
reduced due to the intrusion of rainwater, but without changing the colony of bacteria present
in the sewage (Zoppas et al., 2016).
The values found for effluent pH are in agreement with results from other studies (Gois et
al., 2016; Senturk and Buyukgungor, 2017), where this value starts out as acidic at the
beginning of the treatment process and naturally evolves to the alkaline phase. If it returns to
the acid phase, this may indicate potential problems with the devices that make up the WWTP.
The pH value normally varies from 6 to 8 in its natural state, and may change depending on the
type of treatment (Braile and Cavalcanti, 1993). In anaerobic treatment systems, neutral or
alkaline sewage is more common, as this environment favors the fermentation and
disintegration of organic matter. For better oxygen production as a result of aerobic treatment,
slightly alkaline pH values of around 8 are most suitable. This process is also beneficial for the
recipient water body, which is generally a slightly acidic medium due to anthropogenic
activities. Any values very far from neutral pH may cause problems for biomes in the
environment (Gois et al., 2016; Senturk and Buyukgungor, 2017).
Rev. Ambient. Água vol. 15 n. 3, e2497 - Taubaté 2020
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Figure 3. Boxplot of the evaluated indicators for the treatment of effluent at the Janga WWTP on dry
days (DD) and rainy days (RD), from 2016 to 2018. Legend: asterisk - outliers, upper boundary of
rectangle - 3rd quartile, diamond - average, straight line - median, lower boundary of rectangle - 1st
quartile.

For this study, the temperatures recorded at the inlet and outlet on dry days and at the outlet
on rainy days are not significantly different. Their averages and medians are close to 302K and
the first and third quartiles range from 301K to 303K. This is because of the low temperature
variation on dry days (typical of the region) and the outflow from the treatment process, which
regulates temperature due to its release into the recipient water body. Influent data on rainy
days shows significantly reduced temperature, with the average and median near 301K and the
1st and 3rd quartiles close to 299K and 303K. In this case, the influent temperature is influenced
more strongly by rainfall contributions. As the rainfall is colder than the sewage, this provides
additional proof of parasitic contributions in the collection system.
The temperature of the water directly influences the activities of the microorganisms
present in the sewage, such that BOD removal is directly proportional to it, showing
considerable differences in treatment between the winter and summer periods, where the
temperature variations are significant. Shatat and Najar (2011) identified that heating of the
Rev. Ambient. Água vol. 15 n. 3, e2497 - Taubaté 2020
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influent can improve the efficiency of the process, where temperatures near 303K improve the
organic load removal and temperatures from 313K to 323K show an improvement in the
removal of other elements such as nitrate, ammonia, phosphates, and suspended solids. This
factor is better utilized in the treatment of industrial wastes, due to the different composition
when compared with domestic waste (Ahsan et al., 2005).
It is important to note that sewage heating methodologies have a considerable cost of both
implementation and operation, and also requires a final cooling process, so it can be released
into the receiving water body at ambient temperature to avoid potential environmental impacts
(Shatat and Najar, 2011). This is still a distant reality for Brazilian WWTPs. Although most of
the Brazilian treatment systems implemented since the 1990s use activated sludge and an
upflow anaerobic sludge blanket (UASB), current investments are still directed towards the
implementation of collection networks and new treatment plants, not for the improvement of
existing ones (Chernicaro et al., 2015). Thus, the use of techniques aimed at improving existing
treatment plants is limited by the lack of financial resources.
The average BOD of the influent on dry days was 150.18 mg L-1 of O2, while on rainy days
it was 172.00 mg L-1 of O2, a difference of less than 13% compared to the average of the highest
concentration. The BOD values for effluent exit had an average of 9.65 mg L-1 of O2 on dry
days and 11.50 mg L-1 of O2 for rainy days. The increase in flow due to the combination of
sewage and rainwater caused the organic load concentrations to slightly increase, both at the
entrance and exit of the system, and caused increased variability of this parameter in the
effluent, according to the boxplots in Figure 3. The incoming BODs are widely dispersed,
especially in the 3rd quartile values, ranging from 50 to 310 mg L-1 of O2 compared to the
average, which is 145 mg L-1 of O2, corroborating with the study by Mahapatra et al. (2013).
Normally BOD values for the influent increase at the onset of rainfall events due to the
dragging of contaminants present in the environment and then reduce over time due to increased
flow and dilution of concentration, significantly affecting treatment efficiency, which is
impaired because it becomes more difficult to minimize output BOD (Ávila et al., 2013).
The efficiency of effluent treatment at the Janga WWTP can be seen in Figure 4, where its
analysis considers two distinct periods: from March 2016 to December 2016, and from January
2017 to December 2018. The first covers the time period of the structural remodeling and
interference in the treatment processes, when disagreements occurred with CONAMA
regarding the release of effluents, other than at the February 2016 collection date, but with due
justification and environmental license. In this first interval, it is also possible to correlate the
low-efficiency months with the superior dispersion of BOD output data (correlation between
Figures 3 and 4), where high output values ranging from 30 to 90 mg L-1 of O2, considerably
increasing the average, which rose from 9.65 to 26.92 mg L-1 of O2, an increase of almost 279%
over the period from January 2017.
In the following months, the efficiency values measured at the station demonstrated
regularity, even achieving organic load reductions above 90% (except on 3 occasions:
12/APR/2017, 03/JUL/2017, and 06/NOV/2017). Considering the entire study period (January
2016 to December 2018), on dry days, the unit's average efficiency was 84.25%, while on rainy
days, the average was 85.10%. Disregarding the period in which the WWTP was undergoing
the structural recuperation process, these figures increase to 93.10% and 93.20%, respectively.
Between January 2017 and December 2018, there were few variations in efficiency, and it can
be inferred that during the rainy season (marked in red by Figure 4), this indicator did not
significantly change for sewage treatment at the Janga WWTP.
Using the Anderson-Darling and Shapiro-Wilk normality adherence tests at a significance
level of 5%, two data groups were evaluated: the first referring to the period before and after
the structural renovation (January and February 2016 and from January 2017 to December
Rev. Ambient. Água vol. 15 n. 3, e2497 - Taubaté 2020
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2018) and second group of data which is available after the completion of the recuperation of
the WWTP, from January 2017. For both tests, the distributions are Gaussian. Due to the
normality of the data, the Z-test was used for data recorded throughout the year and the T-test
for data recorded at the beginning of 2017 (uneq var. z: 0.71 > 0.48 and uneq. var. t: 1.18 >
0.26, respectively). It was found that the differences between groupings of each sample are not
significant, meaning that there are no expressive variations between the treatment efficiency
values (with regard to the removal of organic load at the inlet and outlet of the treatment);
therefore, no changes in effluent treatment were found due to the contribution of rainwater in
the sewage collection system entering the activated sludge system.
Saliba and von Sperling (2017) found similar results for the performance of the activated
sludge system organic load removal. The authors pointed out that, for a 515 L s-1 capacity
treatment plant, the efficiency of this type of treatment is not influenced by intrusion of drainage
water into the sewage collection system, despite the significant increase in flow between rainy
and dry seasons. The study also highlighted that effluent indicator concentrations (chemical
oxygen demand, biochemical oxygen demand, suspended solids, total suspended solids,
nitrogen, nitrates, and phosphates) other than for ammonia, were reduced during the rainy
season, indicating that the volume of water increased considerably due to the contribution of
rainwater and would be sufficient to affect the treatment indicators.

Figure 4. Efficiency in the treated effluent from the Janga WWTP, with rainy days highlighted
in red.

For Rocha et al. (2016), influent controls are of great importance to the activated sludge
system. The authors indicated that the bacterial colonies found in the sludge are directly
responsible for the treatment and that several continuous impacts could easily alter the WWTP
indicators, including stormwater intrusion, as it alters the stability of the system and of the
biome found in the influent. The authors concluded that, for a medium-sized WWTP with an
average capacity of 106 L s-1, approximately 25% of the capacity of the Janga WWTP, the
incoming organic loads range from 180.24 to 393.82 mg L-1 and output ranges between 3 and
17.64 mg L-1, an average efficiency of 96.23%, similar to what was found in this study (93.15%)
when the period of low efficiency is disregarded. Despite these changes, the bacterial colonies
did not show signs of alteration, as there was no statistically significant change in the efficiency
indicators of the treatment process.
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4. CONCLUSIONS
From what has been exposed in this study, it can be concluded that the results infer that
there is a connection between the rainwater drainage systems and the sewage collection
systems, as the inlet flow of the WWTP increases by about 25% when comparing the averages
for rainy and dry days. During high rainfall-intensity events, halting the operation of the
treatment plants helps to control the parameters of the influent that enters the station.
Rainfall slightly increases BOD concentrations in the influent and effluent. At the inlet of
the WWTP, the temperature drop was significant on rainy days and the pH values were slightly
alkalized. Nevertheless, these changes were insufficient to interfere with the efficiency of the
treatment process.
Regarding the treatment efficiency of the WWTP, the data have normal distributions and
did not show significant differences between dry and rainy days. Therefore, for the activated
sludge treatment system in this study, the expressive increase in the volume of water that enters
the system does not change its efficiency in treating the sewage.
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ABSTRACT
In the last few years, many studies have been published by authors from several countries
offering approximations and use of the inverse method. However, the unique environmental
conditions and distinct properties of the tropical soils in Brazil require extra considerations and
the need to adjust these methods to tropical soil conditions. Considering the above, this
determined the parameters of the van Genuchten (1980) model (θs, θr, α, n) of the water
retention curve in the soils. It also determined the parameter (Ks) of the soil’s hydraulic
conductivity curve by solving an inverse problem using the HYDRUS-2D model, considering
cumulative infiltration data collected in the field by means of an infiltration test using the
tension infiltrometer. It then compared the hydraulic properties determined by these methods
in relation to the standard laboratory method. The inverse method was able to efficiently
determine the water retention curves in the soils here studied; however, it was not possible to
reliably determine the unsaturated hydraulic conductivity curve.
Keywords: cumulative infiltration, initial condition, modeling, objective function.

Estimativa das propriedades hidráulicas de solos tropicais com método
inverso e dados de campo do infiltrômetro de tensão
RESUMO
Nos últimos anos, muitas publicações têm sido apresentadas por autores de diversos países
oferecendo aproximações e utilização do método inverso. No entanto a condição ambiental
única e as distintas propriedades dos solos tropicais do Brasil requerem considerações extras e
a necessidade de ajuste desses métodos para as condições dos solos tropicais. Diante do exposto,
o presente trabalho teve como objetivos determinar os parâmetros do modelo de van Genuchten
(1980) (θs, θr, α, n) da curva de retenção de água no solo. Assim como determinar o parâmetro
(Ks) da curva de condutividade hidráulica no solo através da resolução de um problema inverso
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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aplicando o modelo HYDRUS-2D. A partir de dados de infiltração acumulada coletados no
campo por meio de um ensaio de infiltração empregando o infiltrômetro de tensão, e comparar
as propriedades hidráulicas determinadas por esses métodos em relação ao método padrão de
laboratório. O método inverso conseguiu determinar de forma eficiente às curvas de retenção
de água nos solos aqui estudados, não sendo possível a determinação confiável da curva de
condutividade hidráulica não saturada.
Palavras-chave: condição inicial, função objetivo, infiltração acumulada, modelagem.

1. INTRODUCTION
The technological advance observed in recent times at the computational level has allowed
development, with greater use and improvement of increasingly sophisticated and demanding
mathematical models of flow and/or water balance and transport of solutes in soil. These models
are generally based on the numerical resolution of the Richards equation which, because it
contains two unknowns (θ and h) in a single equation, requires previous knowledge of the
hydrodynamic characteristics of the soil for its solution. Although relatively simple to use,
many of the existing laboratory methods for determining hydraulic properties (Wind, 1968;
Stakman, 1974; Silva et al., 1975; Bouma et al., 1983) are time-consuming, expensive,
laborious, and limited to the size of the samples collected for this purpose, restricting their use
in evaluating soil hydraulic properties due to the heterogeneity of the medium. Moreover, data
from accurate but small-scale laboratory measurements could hardly ever be transferred to the
field scale (Asgarzadeh et al., 2014).
Šimůnek and van Genuchten (1996) have suggested the use of the cumulative infiltration
curve determined by tension infiltrometer combined with the inverse solution to estimate soil
hydraulic parameters K (h) and θ (h), as well as saturated hydraulic conductivity and sorptivity
parameters, which are normally obtained directly by the tension infiltrometer. Analyzing the
data numerically generated for an experiment, the authors have concluded that the cumulative
infiltration curve alone does not contain enough information to provide a unique inverse
solution. Therefore, additional information on the flow process, such as soil moisture and matric
potentials measured at one or more locations in the soil profile is required to achieve successful
unique inverse solutions to soil hydraulic functions.
In recent years, many publications have been presented by authors from several countries
offering approaches and use of the inverse method models (Alletto et al., 2015; El-Nesr et al.,
2014; Pollalis and Valiantzas, 2015; Rashid et al., 2015, Sedaghatdoost et al., 2017, Naik et al.,
2018, Vogeler et al., 2019). Various studies have shown that micro-aggregated, strongly
weathered tropical soils have different water retention properties than temperate-region soils
because of differences in mineralogy and weathering history (Tomasella and Hodnett, 2004).
This makes it necessary to adjust these methods to the conditions of tropical soils.
Thus, this study determined the parameters of the van Genuchten model (1980) (θs, θr, α,
n), using the inverse numerical method of the soil water retention curve and the parameter (Ks)
of the hydraulic conductivity curve in the soil through the resolution of an inverse problem,
applying the HYDRUS-2D model. The parameters were determined from cumulative
infiltration data collected in the field by means of an infiltration test using the tension
infiltrometer, and the efficiency of the hydraulic properties determined by these methods in
relation to the standard laboratory method was compared.

2. MATERIAL AND METHODS
The use of the inverse method with cumulative infiltration data obtained by the tension
infiltrometer requires the numerical solution to the equation that dictates the movement of the
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water in the soil by the Richards equation, in cylindrical coordinates, that is (Celia et al., 1990)
(Equation 1):
∂θ
∂t

=

1 ∂
r ∂r

∂h

∂

∂h

∂K

(rK ∂r ) + ∂z (K ∂z ) + ∂z

(1)

In which θ is the volumetric soil moisture (L3 L-3), h the water matric potential in soil (L),
K the hydraulic conductivity (L T-1), r is the radial coordinate (L), z the vertical coordinate (L)
(positive in the upward direction) and t time (T). Regarding the tension infiltrometer, in order
to solve numerically the Richards equation, the following initial and boundary conditions must
be taken into account (Warrick, 1992) (Equations 2, 3, 4 and 5):
θ(r, z, t) = θi (z)

t=0

(2)

h(r, z, t) = h0 (t) for 0 < 𝑟 < r0 , z = 0
∂h(r,z,t)

(3)

= −1 for r > r0 , z = 0

(4)

h(r, z, t) = hi for r 2 + z 2 = ∞

(5)

∂z

The boundary condition given by Equation 2 defines the initial volumetric soil moisture
(θi) and respective soil tension (hi) at the beginning of the process; Equation 3 defines the
suction tension imposed (h0) in the soil, under the porous plate of maximum radius r0, by the
water column of the tension infiltrometer; Equation 4 indicates that out of the ring of the porous
plate there is no water flow and the soil is subject to the same tension; the boundary condition
expressed by Equation 5 assumes that the farthest regions from the plate, down or to the side,
have no influence on the infiltration process.
The inverse method requires the parameterization of the hydraulic properties of the
unsaturated soil. In this study, the van Genucthen equation (1980) was used to describe the soil
water retention curve θ (h) and the Mualem-van Genuchten equation was used to describe the
unsaturated hydraulic conductivity curve K (h) which are thus expressed (Equations 6, 7, 8, and
9):
Se (h) =

θ(h)−θr
θs −θr

θ(h) = θs

1

= (1+|αh|η )1−1/η h > 0

h≥0

(6)
(7)

2

K(h) = K s

[(1+|αh|η )1−1/η −|αh|η−1 ]
(1+|αh|η )(1−1/η)(l+2)

K(h)=K (s) h≥0

(8)
(9)

In which 𝑆𝑒 is the effective saturation (cm3 cm-3), 𝜃𝑠 and 𝜃𝑟 are respectively saturated and
residual water contents (cm3 cm-3), h is the matric potential (cm of water), K (h) is the hydraulic
conductivity in the unsaturated soil (cm min-1), Ks is the hydraulic conductivity of the saturated
soil (cm min-1), and α (cm−1), η and l are adjustment parameters that define the shape of the
curves.
The objective function is, in its simplified form (Šimůnek and van Genuchten, 1996)
without a priori information, that is, information that existed on the parameters adjustments
before the inverse problem is equated and assuming that the errors are not correlated. This
means the sampling is well done, making the successive measurements independent [cov
(εi,εi)=0]. The function is given by the following equation, which solves the inverse problem
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and allows the estimation of the hydraulic parameters of the soil (Equation 10):
ϕ(β) = ∑ni=1 Wi [q∗i− q i (β)]2

(10)
1

In which Wj and 𝑊𝑖 = (𝑛 𝜎𝜀2𝑖 ) are weights of a given point measured in the set of all
observations n; q*={q*1, q*2, …, q*n} is the vector of the observations made (matric potential
h, volumetric moisture θ and/or cumulative infiltration Q); and q(β)={q1, q2, …, qn} is the
vector corresponding to predictions of the model after the optimization of the unknown
parameters.
The Equation 11, in case of several sets of measurements (infiltration, soil moisture, etc.),
takes the following form:
nj

2

∗
Φ(β, q m ) = ∑m
j=1 (Wj ∑i=1 Wi (q j (t 1 ) − q j (t 1 , β)) )

(11)

The process of minimizing differences between observed and estimated, although it is the
optimization of a nonlinear function, can thus be solved by the weighted least squares method.
The resolution of Ф (β) consists of an interactive process in which it is necessary to
minimize the sum of squared errors. The minimization of this sum, that is, of the function, is
solved using the Levenberg-Marquardt nonlinear function optimization method using
HYDRUS-2D software (Šimůnek et al., 2016).
The infiltration tests were carried out in the cities of Lavras-MG on the Federal University
of Lavras campus and in Bom Sucesso in an experimental area called the Águas Claras site.
A total of 12 infiltration tests were performed, three (3) in a Dystrophic Red Latosol
cultivated with coffee, three (3) in a Dystrophic Red Latosol under forest condition and six (6)
in an Argisol cultivated with Australian Cedar. Each test was performed at a distance of 1m
from the other.
A tension infiltrometer model 2826D20 from SOILMOISTURE was used, with the tension
disc diameter of 20 cm. Four water suction tensions were also used in the soil surface during
the tests: -15, -6.0, - 3.0 and 0 cm. Before the tests, the plant residues were removed from the
soil surface and the ground level was leveled to ensure perfect contact of the disk with the
surface. In addition, the soil surface was covered with a thin layer of sand with diameter
between 0.2 and 0.3 mm with a Ks value (saturated hydraulic conductivity) greater than the Ks
of the soil, to ensure hydraulic contact between the disc and the underlying soil.
The sand layer was moistened immediately before the disc placement to improve the
contact between the disc tissue and sand and to also prevent air from entering the disc (Cameira
et al., 2002).
The readings of the variation of water level in the millimeter ruler of the tension
infiltrometer reservoir were performed every 30 seconds. The infiltration tests were performed
with downscaling values of tension, being initially provided high suction tension, then
consecutively reduced to lower tension as steady state was reached for each suction increment.
At the beginning of the tests, undisturbed samples were taken in triplicate to determine the
initial water content in the soil within a radius of 30 cm from the site where the infiltration tests
were performed to avoid modifications in the soil structure at the test site. In order to determine
the final water content in the soil, undisturbed samples were also extracted in triplicate directly
under the area where the infiltrometer disk was installed immediately after the application of
the tension 0 cm and the removal of the sand layer according to methodology proposed by
Šimunek et al. (1998) and Šimunek et al. (1999).
The undisturbed soil samples were collected in triplicate at the soil surface to determine
the volumetric moisture (θ,) at nine values of tensions (h = 1, 2, 4, 10, 30, 50, 100, 500 and
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1500 kPa). Following the Wraith and Or methodology (1998), the pairs of value were placed in
an Excel spreadsheet, using the tool Solver to adjust the parameters θs (saturation moisture, m3
m-3), θr (residual moisture m3 m-3), α (1/cm) and n of the van Genuchten's model of water
retention curve (1980). In this adjustment process, the parameter m was considered equal to 11 /n.
The objective function was defined from the infiltration of water into the soil Q at multiple
tensions (-15, -6, -3 and 0), the final volumetric moisture θf of the soil, and the soil moisture at
100 and 1500kPa, θ100kPa, θ1500kPa according to the methodology described in Šimůnek et al.
(1998a; 1998b), and the HYDRUS-2D software (Šimůnek et al., 1999) was used to minimize
the objective function (Φ) given by Equation 9 by the Levenberg-Marquardt method.
The weighting coefficients wi of each infiltration measurement in each set of tensions were
defined as being equal to the unity, since the errors of observation of each measurement are
unknown. Figure 1 shows the schematic representation of obtaining the hydraulic properties of
the soil with the inverse method and field data of the tension infiltrometer.

Figure 1. Representation of the hydraulic properties estimate using the inverse problem, based on the
accumulated infiltration obtained with the tension infiltrometer and prescribed boundary conditions.
Adapted from Minasny and McBratney, (2002).

The comparison between the curves θ(h) and K(h) obtained by inverse modeling with
HYDRUS-2D and by the standard laboratory method was done using the simple linear
regression analysis of type y=bx, x corresponding to the values of HYDRUS- 2D and y to the
values determined in laboratory, and the determination coefficients (R2) and regression (b),
value of p (0.005) and standard deviation of regression.
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Different statistical criteria were used to compare the curves θ (h) and K (h) obtained by
inverse modeling with HYDRUS-2D and by the standard laboratory method: Willmott's index
of agreement (d); mean absolute error (EAM); square root of the normalized mean error
(RQEM) and efficiency index (E). These indicators were obtained from Equations 12, 13, 14
and 15.
𝑑 = 1 − [∑𝑛𝑖=1( 𝑃𝑖 − 𝑂𝑖 )2 / ∑𝑛𝑖=1(|𝑃𝑖 − 𝑂̅| + |𝑂𝑖 + 𝑂̅|)2 ]

(12)

1

𝐸𝐴𝑀 = [𝑛 ∑𝑛𝑖=1|(𝑂𝑖 − 𝑃𝑖 )|]
1

𝑅𝑄𝐸𝑀 = [𝑛 ∑𝑛𝑖−1(𝑂𝑖 − 𝑃𝑖 )2 ]

(13)
0,5 100
( 𝑂̅ )

(14)

2

𝐸 = [∑𝑛𝑖=1(𝑂𝑖 − 𝑂) − ∑𝑛𝑖=1(𝑂𝑖 − 𝑃𝑖 )2 ] / ∑𝑛𝑖=1(𝑂𝑖 − 𝑂)

2

(15)

In which: Pi = data obtained in the experimental tests; Oi = data simulated by the Hydrus2D model; n = number of observations; e = mean of the simulated values.

3. RESULTS AND DISCUSSION
The soils studied showed variation in the percentages of sand, clay and silt (Table 1).
According to Reichardt (1990), texture affects water retention, since it directly determines the
contact area between solid particles and water, and determines the proportions of pores of
different sizes.
Table 1. Mean of textural analysis for the four soils.
Sand (%) Silt (%) clay (%) Ds (g cm-3)
C-(LVdf) with coffee

27

20

53

1.20

M- (LVdf) under forest

23

18

59

1.46

Argisol S1-S3

67

12

21

1.29

Argisol S4-S6

41

19

39

1.31

The retention curves θ(h) determined in laboratory versus those estimated by the Hydrus2D software for a Dystrophic Red Latosol and for the Argisol are shown in Figure 2.
The curves θ (h) presented in Figure 2, determined by the inverse modeling of the objective
functions Φ(Q, θi, θf, θ100kPa, θ1500kPa), built with the infiltration data and initial and final water
contents in soil and soil moisture at 100 kPa and 1500 kPa, resulted in good agreement when
compared to the points determined in laboratory.
The comparison between the retention curves reveals that, in general, for low soil water
tensions of less than 1 cm.c.a, there is a similarity in soil moisture between the curves estimated
in the laboratory and those obtained by the Hydrus-2D software. For higher tensions, above 1
cm.c.a, the retention curves θ(h) determined in laboratory when compared to that estimated by
the Hydrus-2D software had better adjustments in relation to soil moisture for LVdf M1 to M3
and for Argisol S4 and S6, while the other tests presented variations between the curves (Figure
2).
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Figure 2. Comparison between Retention Curve θ (h) determined by the standard method (laboratory)
and the C, M and S retention curves estimated by the Hydrus-2D software. In which: (C1 to C3 replicates
the Dystrophic Red Latosol (LVdf) grown with coffee -Figure A), (M1 to M3 replicates Red Latosol
(LVdf) under forest - Figure B) and (S1 to S3 and S4 to S6 replicates the cultivated Argisol - Figures C
and D).

Table 2 presents the parameters of the M-vG model obtained from the adjustment of data
provided with the laboratory methods and data obtained from the infiltration tests by inverse
modeling with the HYDRUS-2D program. The saturated water content θs adjusted by the
standard laboratory method presented some differences in relation to the values of θs found by
inverse modeling. The estimated values of θs for the infiltration tests C1, C2, C3, M1, M2, M3
and S2, S4 and S6 were the same as those determined in laboratory; on the other hand, the
estimated values for tests S1, S3 and S5 were lower than those determined in laboratory. For
the parameter θr, the estimated values for the Latosols were equal to or greater than those
determined by the standard method, varying for the Latosol cultivated with coffee from 0.289
to 0.300 (cm3 cm-3) and in the Latosol under forest from 0.322 to 0.328 (cm3 cm-3). The same
behavior was observed in the Argisols, ranging from 0.200 to 0.209 (cm3 cm-3) in the tests S1
to S3 and from 0.201 to 0.239 in the tests S4 to S6. For the parameter alpha (α), the values
ranged from 0.741 to 1 for the Latosol in the tests C1 to C3, and from 0.390 to 0.785 in the tests
M1 to M3. In the Argisols the variation was from 0.506 to 1.1 in the tests S1 to S3 and from
0.944 to 1,030 for the tests S4 to S6.
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Table 2. Parameters of the M-vG model (Mualen-Van genuchten) obtained from the data adjustment resulting from the laboratory methods, and obtained
from
the infiltration tests, by inverse modeling, with the HYDRUS-2D program. Wherein C1 to C3 replicates the Dystrophic Red Latosol (LVdf) grown1 with coffee,
M1 to M3 replicates Red Latosol (LVdf) under forest, S1 to S6 replicates the cultivated Argisol, Hydrus - parameters estimated by the model, I.C1- confidence
interval, S.D - standard deviation.
Soil

Parameter

Laboratory

C1

C2

C3

Hydrus

I.C

S.D

Hydrus

I.C

S.D

Hydrus

I.C

S.D

r (cm 3 cm-3)

0.289

0.3

0.294 - 0.306

0.003

0.3

0.293 - 0.307

0.003

0.289

0.251-0.326

0.019

s (cm 3 cm-3)

0.509

0.509

0.500 - 0.518

0.004

0.509

0.500 - 0.518

0.005

0.509

0.500-0.586

0.005

 (cm-1)

0.673

0.741

0.349 - 1.133

0.199

1

0.102 - 1.898

0.457

0.97

0.475-2.415

0.735

LVdf

n

1.168

2

1.592 - 2.408

0.208

2

1.387 - 2.613

0.312

1.24

1.076-1.405

0.084

Coffee

Ks (cm min-1)

0.467

6.7*10-5

-4*10-5 - 1.7*10-4

5*10-5

1.47*10-5

-4*10-5 - 7*10-5

3*10-5

7.3*10-4

2.8*10-4 - 1.2*10-3

2.3*10-4

R²

0.924

0.911

0.957

i (cm 3 cm-3)

0.305

0.336

0.31

f (cm 3 cm-3)

0.482

0.467

0.443

M1

LVdf
Forest

M2

M3

r (cm 3 cm-3)

0.322

0.322

0.248 - 0.396

0.038

0.322

0.288 - 0.376

0.022

0.328

0.278 - 0.379

0.025

s (cm 3 cm-3)

0.583

0.583

0.411 - 0.755

0.087

0.583

0.537 - 0.629

0.023

0.583

0.504 - 0.662

0.04

 (cm-1)

0.435

0.39

0.284 - 0.496

0.054

0.595

0.472 - 0.718

0.063

0.785

0.785 - 0.785

0

n

1.259

1.607

1.172 - 2.043

0.211

1.466

1.049 - 1.882

0.212

1.209

1.023 - 1.394

0.094

0.334

5.6*10-5

1*10-5

3.9*10-4

5*10-5

7.5*10-4

Ks (cm

min-1)

4*10-5

-

7*10-5

3*10-4

-

4.8*10-4

7.5*10-4 -

7.5*10-4

R²

0.889

0.746

0.77

i (cm 3 cm-3)

0.362

0.252

0.34

f (cm 3 cm-3)

0.47

0.397

0.423

Continue...
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Soil

Argisol

Parameter

Laboratory

S1

S2

Hydrus

I.C

S.D

Hydrus

I.C

S.D

Hydrus

I.C

S.D

r (cm 3 cm-3)

0.2

0.2

0.184 - 0.216

0.008

0.2

0.2 - 0.201

1*10-5

0.209

0.197 - 0.221

0.006

s (cm 3 cm-3)

0.447

0.4

0.397 - 0.409

0.003

0.447

0.446 - 0.447

1*10-5

0.403

0.395 - 0.411

0.004

 (cm-1)

0.783

0.506

0.287 - 0.725

0.111

1.03

1.026 - 1.027

2*10-5

1.1

0.075 - 2.124

0.52

n

1.526

1.34

1.202 - 1.470

0.068

1.16

1.161 - 1.162

1*10-5

1.6

1.243 - 2.082

0.213

Ks (cm min-1)

1.136

4.6*10-4

2.3*10-4 - 6.8*10-4

1.2*10-4

0.015

0.015 - 0.016

1.7*10-4

0

0

5.3*10-3

R²

0.946

0.834

0.834

i (cm 3 cm-3)

0.327

0.288

0.256

f (cm 3 cm-3)

0.369

0.392

0.403

S4

Argisol

S3

S5

S6

r (cm 3 cm-3)

0.239

0.239

0.237 - 0.241

0.001

0.201

0.200 - 0.201

1*10-5

0.239

0.228 - 0.251

0.006

s (cm 3 cm-3)

0.466

0.466

0.4662 - 0.4663

2*10-5

0.447

0.4474 - 0.4475

1*10-5

0.466

0.444 - 0.489

0.011

 (cm-1)

0.827

0.968

0.965 - 0.972

0.002

1.03

1.026 - 1.027

2*10-5

0.944

-0.287 - 2.174

0.624

n

1.409

1.207

1.206 - 1.206

0

1.16

1.610 - 1.1611

1*10-5

1.59

1.079 - 2.098

0.258

Ks (cm min-1)

0.3018

0.005

0.004 - 0.007

7.1*10-4

0.015

0.015 - 0.016

1.7*10-4

8*10-9

0

0

R²

0.73

0.834

0.824

i (cm 3 cm-3)

0.362

0.34

0.34

f (cm 3 cm-3)

0.47

0.423

0.423
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For the parameter n, the estimated values varied from 1.240 to 2.00 in the Latosols in tests
C1 to C3 and from 1.209 to 1.607 in tests M1 to M3. In the Argisols, this variation was from
1.160 to 1.660 in tests S1 to S3 and from 1.160 to 1.590 in tests S4 to S5. The variations between
the curves may be associated with the way each test was performed. The values of θr α n and
Ks estimated by inverse modeling for the Argisols are corroborated by those obtained by Rashid
et al. (2015), that in an argisol cultivated with oil palm, using tension infiltrometer obtained by
inverse method values of θr (0.279 to 0.291 (cm3 cm-3) α (0.508 to 0.908 cm-1), n (1.34 to 2.032)
and Ks (0.0105 to 0.0308 cm min-1) in points sampled between plants, values close to those
obtained in this work. Naik et al. (2018) estimated by inverse modeling the parameters α, n and
Ks in four types of sandy, medium-textured, clayey and silty soils using accumulated infiltration
data obtained by a mini-tension infiltrometer. For the soil that most closely resembles the
argisol evaluated in this work, the values obtained by this author were α (0.129), n (2.473) e Ks
(0.009).
According to Šimůnek and van Genuchten (1996), the determinations with the tension
infiltrometer are, in general, a soil-moistening process and, therefore, the obtained equations
from the M-vG model (Mualem-Van Genuchten) and its respective parameters should represent
the moistening phase of the soil in a hysteresis process, while in laboratory, the methods are
based on a drying process. This explains the higher soil moisture value for those obtained in
laboratory, since the contact angle of the water with the soil particle is higher in moistening
than in drying; therefore, the adhesion is lower in moistening, which results in a lower retention,
causing a difference between the moistening curve and the drying curve.
The low values of standard deviation and the narrow ranges of confidence intervals
obtained by all parameters of the van Genuchten equation, in addition to high values of R², are
a strong indication of the quality of the parameters estimated by Hydrus-2D, and that the inverse
problem proposed here has a unique solution for each of the parameters studied.
Table 2 shows the values of saturated hydraulic conductivity (Ks) determined by the
Hydrus-2D software.
It is observed that, for all tests in both Latosols and Argisols, the hydraulic conductivity
values estimated by the inverse method of the Hydrus-2D software were lower than the values
of Ks obtained in the field by the tension infiltrometer method. It is also observed that for both
dystrophic Red Latosol and Argisol, the confidence intervals for the saturated hydraulic
conductivity are very large, so the possibility of having more than one solution for the Ks value
is high, i.e., there is no unique value as a solution for this parameter. This same behavior of the
saturated hydraulic conductivity was observed in a study performed by Šimůnek et al. (1998b)
and Venterella et al. (2005), using a disk infiltrometer and the inverse method, based on
cumulative infiltration, where they obtained good results for the estimate of four out of seven
parameters of the Genuchten-Mualem model (with fixed m and l), except for Ks.
Tables 3 and 4 show the performance indexes for the retention curve observed in laboratory
versus the one estimated in the field for each type of soil.
Table 3. Performance indexes for retention curve observed in
laboratory compared to that estimated by the inverse method,
with infiltration data in the field for two Latosols.
Dystrophic red latosol
Index
MAE
RQEM
E
d

C1
0.044
0.211
0.334
0.735

C2
0.048
0.218
0.286
0.716

C3
0.019
0.137
0.716
0.869
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M1
0.027
0.165
0.704
0.867

M2
0.026
0.161
0.720
0.871

M3
0.006
0.079
0.933
0.965
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Table 4. Performance indexes for retention curve
observed in laboratory versus that estimated by inverse
method, with infiltration data in the field for two Argisols.
Argisol
Index
MAE
RQEM
E
d

S1
0.027
0.164
0.736
0.850

S2
0.044
0.209
0.567
0.756

S3
0.027
0.164
0.734
0.856

S4
0.023
0.153
0.737
0.858

S5
0.021
0.145
0.763
0.870

S6
0.010
0.102
0.884
0.944

In general, there was a satisfactory performance for the retention curves estimated by the
Hydrus-2D model, being proved by the low MAE and RQEM values, which for the tests C1 to
C3 ranged from 0.019 to 0.048 and from 0.137 to 0.218, respectively, and in the tests M1 to
M3 it ranged from 0.006 to 0.027 and from 0.079 to 0.165. For the Argisols, the variation of
the statistical parameters MAE and RQEM in the tests S1 to S3 were from 0.027 to 0.044 and
from 0.164 to 0.209, respectively, and for the tests S4 to S6, the variation was from 0.010 to
0.023 and from 0.102 to 0.153 for MAE and RQEM, respectively. Thus, it can be stated that
the performance of the estimated retention curves for the studied soils was satisfactory in that
the lower the absolute values of REM and MAE, the better the adjustment of the model.
For Willmott's Index of Agreement d and Index of Efficiency E in the Latosols studied,
the values ranged from 0.716 to 0.869 and from 0.286 to 0.716 for tests C1 to C3. For tests M1
to M3, this variation was from 0.866 to 0.965 and from 0.704 to 0.933 for the Willmott’s index
d and Index of Efficiency E, respectively. In the Argisols studied, these indexes would vary in
tests S1 to S4 from 0.756 to 0.856 and from 0.567 to 0.736 and in tests S4 to S6 from 0.858 to
0.944 and from 0.737 to 0.884 for the Willmott’s index d and Index of Efficiency E,
respectively. The values shown above indicate a good performance according to Willmont's
Index d, since the closer the concordance index values of the model are to the unit (1.00), the
better they fit. Regarding the efficiency of the model, it is observed that tests M1 to M3 had the
worst performances. This statistical index is considered more restrictive, but in general the
values obtained for the efficiency index E were higher than 0.7.
The values of the retention curve parameters for the Dystrophic Red Latosol estimated by
the Hydrus-2D are similar to those commonly reported for the Dystrophic Red Latosols (LVdf)
in the literature, e.g., those obtained by Barbosa et al. (2014), who studied the effects of
different percentages of Zeolites in water retention of a LVdf, collected in the area of the Federal
University of Lavras, and obtained the following values θs = 0.587 cm3 cm-3,
θr = 0.200 cm3 cm-3, n = 1,517 and α = 0.661 cm-1. They are also similar to the values obtained
by Lucas et al. (2011), who compared two methods (paper filter and pressure chamber of
Richards) to determine the retention curves in Dystrophic Red Latosol and obtained the
following results θr= 0.018 cm3 cm-3; θs = 0.637 cm3 cm-3; α = 0.443 cm-1; m = 0.084; and n =
1.091. They are corroborated also by Araujo-Junior et al. (2011), who evaluated the effect of
different weed-management practices on the LVdf retention curve grown with coffee and
compared them with the same soil curve under native forest, obtaining the following results for
LVdf grown with coffee if no weeding θr= 0.240 cm3 cm-3; θs = 0.660 cm3 cm-3;
α = 1.135 cm-1 ; and n = 1.7 and for LVdf under forest θr= 0.230 cm3 cm-3;
θs = 0.670 cm3 cm-3; α = 4.843 cm-1 ; and n = 1,391.
The values of the retention curve parameters obtained for the Argisols are corroborated by
those reported by Dalbianco (2009), who evaluated the effect of different management systems
on the physical and hydraulic properties of an Argisol in the Cândido Brum watershed in the
city of Arvorezinha in Rio Grande do Sul, and found the following parameters for retention
curve in the Argisol under forest: θr = 0.19 cm3 cm-3; θs = 0.579 cm3 cm-3; α = 0.303; m = 0.226;
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and n = 1,293 cm-1, and for the Argisol under conventional preparation θr = 0.17 cm3 cm-3;
θs = 0.569 cm3 cm-3; α = 0.225 cm-1; m = 0.226; e n = 1,292. Suzuki (2008) also evaluated the
physical and hydraulic quality of an Argisol under forest, pasture and eucalyptus in southern
Brazil, and found the following values for retention curve parameters in Argisol under forest:
θr = 0.189 cm3 cm-3; θs = 0.407 cm3 cm-3; α = 0.111 cm-1; m = 0.356; e n = 1,578, and for
Argisol cultivated with eucalyptus for 4 years θr = 0.169 cm3 cm-3; θs = 0.368 cm3 cm-3; α =
0.379 cm-1; m = 0.270; e n = 1,371.
The results of regression analysis between the measured values of moisture and matric
potential by the Richards pressure chamber in the laboratory and the inverse modeling obtained
by Hydrus-2D for the soil water retention curve θ(h) are presented in Tables 5 and 6.
Table 5. Determination (R2) and regression (b)
coefficients, standard error and value P, obtained by
simple linear regression of retention curves resulting
from the parameters obtained by inverse infiltration data
modeling for a dystrophic Red Latosol compared to
those obtained by the standard laboratory method.
Retention curve θ(h)
LVdf Hydrus-2D
Local
C1
C2
C3
Local
M1
M2
M3

R²

b

Standard error

value-P

0.019
0.021
0.006

1.4E-39
7.4E-39
2.4E-58

Standard error

value-P

0.011
0.009
0.002

3.5E-49
1.4E-51
2.4E-74

0.962 1.090
0.961 1.099
0.974 1.039
R²

b

0.971 1.047
0.972 1.047
0.975 0.997

Table 6. Determination (R2) and regression (b) coefficients,
standard error and value P, obtained by simple linear regression
of the retention curves resulting from the parameters obtained by
inverse infiltration data modeling for two Argisols compared
with those obtained in laboratory.
Retention curve θ(h)
Argisol Hydrus-2D
Local

R²

b

Standard error

value-P

S1
S2
S3

0.968
0.958
0.972

1.031
0.898
1.092

0.014
0.018
0.010

3.314E-44
1.8E-02
1.137E-51

Local

R²

b

Standard error

value-P

S4
S5
S6

0.971
0.971
0.974

0.947
0.987
1.025

0.010
0.010
0.006

1.893E-49
9.251E-49
1.541E-59

For the soil water retention curves θ(h), the determination coefficients R² for all the tests
performed in the Latosols were higher than 0.96, and for the Argisols they ranged from 0.958
to 0.974. These high determination coefficients obtained by the regression of the estimated
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values versus those determined in laboratory show that retention curves obtained by the inverse
method represent at least 95% of the retention curve behavior obtained by the standard
laboratory method.
Regression coefficients b ranged from 0.997 to 1.09 for the tests performed in Latosol and
from 0.898 to 1.092 for the Argisols, and it is noted that, in most of the Latosols studied, the
results obtained by inverse modeling are slightly higher than those obtained by the laboratory
method. Regarding Argisols, there are both a small underestimation and overestimation.
Standard error values for all the soils studied were always below 0.0205 and the value of P
shows the statistical significance of the regression.

4. CONCLUSIONS
The water retention curves in the soil θ(h) estimated by inverse modeling for the four soils
showed a good fit with those determined by the standard Richards pressure chamber laboratory
method as shown by the statistical indexes and regression analysis.
It was not possible to estimate the unsaturated hydraulic conductivity by inverse modeling
for the four soils studied due to underestimation of the saturated hydraulic conductivity Ks,
which can be solved by using this parameter determined in the field by tension infiltrometer.
The infiltration data obtained with the tension infiltrometer, the soil moisture at the
beginning and at the end of the test and the soil moisture at 100 kPa and 1500 kPa can be used
to determine the characteristic soil water retention curve by the inverse modeling of Hydrus2D software.
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ABSTRACT
This study evaluated the effect of hydraulic retention time on chemical oxygen demand
(COD) and total nitrogen (TN) removal in an intermittently aerated constructed wetlands. Two
horizontal subsurface-flow constructed wetlands were used: one without aeration and the other
aerated intermittently (1 hour with aeration/7 hours without aeration). Both systems were
evaluated treating domestic wastewater produced synthetically. The flow rate into the two CWs
was 8.6 L day-1 having a hydraulic retention time of 3 days. The results show that the
intermittently aerated constructed wetland were highly efficient in removing COD (98.25%),
TN (83.60%) and total phosphorus (78.10%), while the non-aerated constructed wetland
showed lower efficiencies in the removal of COD (93.89%), TN (48.60%) and total phosphorus
(58.66). These results indicate, therefore, that intermittent aeration allows the simultaneous
occurrence of nitrification and denitrification processes, improving the removal of TN in
horizontal subsurface-flow constructed wetlands. In addition, the use of intermittent aeration
also improves the performance of constructed wetlands in removing COD and total phosphorus.
Keywords: ecotechnology, effluent treatment, nutrients removal.

Remoção de DQO e Nitrogênio Total em alagados construídos com
aeração intermitente em relação ao tempo de detenção hidráulica
RESUMO
O objetivo do presente trabalho foi avaliar o efeito do tempo de detenção hidráulica na
remoção da demanda química de oxigênio (DQO) e nitrogênio total (NT) em alagados
construídos aerados intermitente. Foram utilizados dois alagados construídos de fluxo
subsuperficial horizontal: um sem aeração e outro aerado intermitentemente (1 hora com
aeração/7 hora sem aeração). Ambos os sistemas foram avaliados tratando água residuária
doméstica sintética. Cada sistema recebeu uma vazão de 8,6 L dia-1, resultando em tempo de
detenção de 3 dias. Os resultados mostram que o alagado construído aerado intermitentemente
apresentou elevada eficiência na remoção de DQO (98,25%), NT (83,60%) e fósforo total
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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(78,10%), enquanto que o sistema sem aeração apresentou menor eficiência na remoção de
DQO (93,89%), NT (48,60%) e fósforo total (58,66%). Esses resultados indicam, portanto, que
a aeração intermitente permite a ocorrência simultânea dos processos de nitrificação e
desnitrificação, melhorando a remoção de NT em alagados construídos de fluxo subsuperficial
horizontal. Além disso, o uso de aeração intermitente também melhora o desempenho de
alagados construídos na remoção de DQO e fósforo total.
Palavras-chave: ecotecnologia, remoção de nutrientes, tratamento de efluente.

1. INTRODUCTION
Constructed wetland (CW) is a simple technology which not only mimics the functions of
a natural wetland but is easy to operate and maintain and cost-effective (Al-Isawi et al., 2015;
2017). In recent decades, it has garnered increasing interest in the treatment of several types of
wastewater rich in biodegradable organic materials (Matos et al., 2010a). Its main component
is the support medium, which can be composed of soil, sand, gravel, plant species characteristic
of wetland environments, and microorganisms associated with these elements. Its design is
generally aimed at maximizing the wastewater treatment efficiencies (Fia, 2009).
Macrophytes play an important treatment role in CWs, especially in systems with large
amounts of organic matter and ammonia (Ciria et al., 2005). The most commonly used plants
are cattail (Typha sp.), common reed (Phragmites sp.), and bulrush (Scirpus sp.) (Matos and Lo
Monaco, 2003). However, plant characteristics such as local climate adaptability,
photosynthetic rate, oxygen transport capacity, pollutant absorption capacity, resistance to pests
and diseases, and root system development should be considered.
According to Suliman et al. (2004), the main variables considered while designing CWs
are the hydraulic retention time (HRT), width, height and length, and hydraulic application rate.
The hydraulic load and HRT significantly influence the efficiency in CWs (Wu et al., 2015).
Low HRT can be associated with inefficient denitrification, with a longer retention time
required for nitrogen removal compared to that required for organic matter removal (Lee et al.,
2009).
The present study therefore evaluated the dynamics of chemical oxygen demand (COD)
and total nitrogen (TN) removal in relation to the HRT in intermittently aerated horizontal
subsurface-flow constructed wetlands.

2. MATERIALS AND METHODS
The experiment was conducted in a green-house environment located at the Center for
Environmental Studies (Centro de Estudos Ambientais - CEA) of the Institute of Geosciences
and Exact Sciences - UNESP, Rio Claro, São Paulo, Brazil. The climate of the region is defined
as Cwa (Koppën): warm temperate climate (mesothermal) with rainy summer and dry winter,
with the temperature of the hottest month averaging over 22°C. The average annual
precipitation and average annual temperatures are 1366.8 mm and 21.6°C, respectively.
Two horizontal subsurface-flow constructed wetlands were evaluated: one without
aeration (CW1) and the other aerated intermittently (CW2). Each treatment system was
composed of a rectangular polypropylene water tank with a capacity of ~61 L and dimensions
of 310 × 355 × 555 mm. The media used was gravel (2 ≤ Ø ≤ 9 mm) with a porosity of 53%,
having an height of 30 cm and saturated by the effluent up to a height of 25 cm with a useful
volume of 26 L. Two 32-mm PVC perforated tubes were installed in the longitudinal section of
each constructed wetland with 18.5-cm spacing between them so that wastewater samples could
be collected in the system.
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CW2 was aerated intermittently for 3 h day-1 (1 h aeration/7 h non aeration) at an average
aeration rate of 20 L min-1, resulting in an oxygen surface application rate of ~101.5 L m-2 min1
. The air was applied to the system using an aquarium air compressor and a tubular air diffuser
installed inside the constructed wetland support material.
The aquatic macrophyte species used in the CWs was cattail (Typha latifolia), which was
collected from a natural swamp and pruned at half height. The replanting of macrophytes in the
CWs was carried out on March 07, 2018, and the planting density was approximately 15 plants
per m2, that is, each system was cultivated with three plants. During the period of macrophyte
fixation, the constructed wetlands were saturated with water and only on April 4, 2018, after
the fixation of the plant species, was the application of wastewater started.
Figure 1 shows the schematic diagram of the CWs.

Figure 1. Schematic diagram of the CWs used in the experiment.

The CWs were operated from April 4, 2018 to December 7, 2018, that is, the systems were
kept in operation for 250 consecutive days. The experiment was conducted using synthetic
wastewater prepared with tap water with the addition of C12H22O11 (sucrose), (NH4)2SO4
(ammonium sulfate), KH2PO4 (monopotassium phosphate), MgSO4 (magnesium sulfate),
FeSO4 (iron(II) sulfate), and CaCl2 (calcium chloride), equal to the synthetic effluent used in
Wu et al. (2015), Fan et al. (2016), and Wu et al. (2016) works. Table 1 shows the compounds
and their respective concentrations used in the synthetic effluent.
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Table 1. Composition of the synthetic primary effluent.
Chemical compound*

Concentration (mg L-1)

C12H22O11
(NH4)2SO4
KH2PO4
MgSO4
FeSO4
CaCl2

386
188
18
10
10
10

* Chemical compounds were diluted in tap water to
prepare the synthetic effluent.
Source: Wu et al. (2015), Fan et al. (2016) and Wu et al.
(2016).

The effluent was applied to the CWs using peristaltic pumps, with a hydraulic loading rate
of 0.044 m3 m-2 d-1 (8,6 L d-1). Therefore, considering the saturated volume of the CWs and the
hydraulic loading rate, it was estimated that the HRT was approximately 3 days. However, as
perforated tubes were installed along the longitudinal section in each water tank, it was possible
to evaluate the concentration of pollutants according to the distance from the entry point of the
influent and, consequently, according to different HRT: 0, 1, 2, and 3 days.
In the period from November 1, 2018 to December 7, 2018, five effluent samples were
collected from each sampling point, and following parameters were analyzed: COD, TN,
ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), total phosphorus (TP), potential of hydrogen
(pH), and temperature. The analyses were performed at CEA-UNESP, Rio Claro Campus,
according to the methodologies described in Standard Methods (APHA et al., 2012).

3. RESULTS AND DISCUSSION
The characteristics of the influent and effluent throughout the CWs and their respective
removal efficiencies are shown in Table 2.
Table 2. Physico-chemical characteristics of the influent and effluent along the CWs and their
respective removal efficiencies (ε).
HRT (d) CW1
Parameter

HRT (d) CW2

Effluent
-1

COD (mg L )
ε (%)
NH4+ (mg L-1)
ε (%)
NO2- (mg L-1)
NO3- (mg L-1)
TN (mg L-1)
ε (%)
TP (mg L-1)
ε (%)
pH
S (μS cm-1)
T (ºC)

388.±19.7
39.16±6.2
0.0042
1.36±0.3
40.52±2.1
3.88±0.48
6.96±0.25
562±19.3
23.0±1.5

1

2

3

1

2

3

119±29.9
69.37±8.0
25.08±5.6
35.64±7.9
0.043±0.04
8.02±1.2
33.14±3.3
17.81±8.8
-

43±10.4
88.98±2.5
18.86±8
51.54±9.7
0.03±0.05
3.96±1.3
22.85±5.0
43.40±9.3
-

23.8±6.6
93.89±1.6
16.48±2.3
57.72±4.5
0.019±0.01
4.26±1.6
20.76±3.1
48.60±6.3
1.58±0.56
58.66±17.8
7.09±0.45
397±15.6
21.5±1.7

42.2±15
89.24±3.6
6.52±3.3
83.23±3.6
0.059±0.04
6.98±2.6
13.56±3.2
66.42±7.2
-

9.6±5.6
97.51±1.5
0.82±1.9
97.89±2.1
0.027±0.02
7.9±1.4
8.75±1.8
78.23±4.7
-

6.8±2.9
98.25±0.8
0.58±0.6
98.52±0.7
0.048±0.08
5.98±1.1
6.61±1.16
83.60±3.2
0.89±0.69
78.1±16.36
6.68±0.49
578.5±72.8
20.3±1.8

All samples were collected and analyzed between November 1, 2018 to December 7, 2018 (Mean
± SD, n = 5).
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3.1. Chemical Oxygen Demand
Figure 2 shows the average COD concentrations along the CWs. The removal efficiencies
of both systems within 3 days of HRT was high, with similar removal efficiencies of 93.89%
for CW1 and 98.25% for CW2. Similar values were reported in the literature, for example,
Matos et al. (2010b) obtained, with HRT of ~4.8 days, COD removal efficiencies ranging from
71% to 96% in non-aerated horizontal subsurface-flow constructed wetlands treating hog
wastewater; Brasil et al. (2005) obtained, in non-aerated horizontal subsurface-flow constructed
wetlands treating domestic wastewater, average COD removal efficiencies of 84% and 93% for
HRTs of 1.9 and 3.8 days, respectively; and Wu et al. (2016) obtained, in intermittent-aerated
vertical subsurface-flow constructed wetlands treating synthetic wastewater, COD removal
efficiencies >95% for HRT of 3 days.

Figure 2. Average COD concentrations along both CWs.

However, the removal efficiency of CW2 for HRT of 1 day was 89.24 ± 3.57%, while the
value obtained for CW1 was 69.37 ± 8.04% (Table 2). The results of the present work are
similar to the data reported by Wu et al. (2016), in which the authors evaluated vertical
subsurface-flow constructed wetlands and with a HRT of 12 hours obtained in intermittent
aerated systems and in non-aerated systems COD removal efficiencies of >88% and 76-82%,
respectively. The higher efficiency of CW2 compared to that of CW1 after 1day HRT can be
attributed to the intermittent artificial aeration, which stimulates the increase of biological
activity, thereby contributing to a high efficiency of COD removal, nitrification, and
denitrification. This is because during aeration periods aerobic heterotrophic microorganisms
use organic matter as a source of energy, leading to COD removal. Moreover, during nonaeration periods (anoxic), denitrifying heterotrophic microorganisms remove COD (Wendling,
2017), indicating the occurrence of denitrification.
Our results indicate, therefore, that the use of intermittent aeration improves the COD
removal performance of horizontal subsurface-flow constructed wetlands, corroborating the
results reported by Wu et al. (2015), in which the authors achieved COD removal efficiencies
ranging from 96.42 to 98.49% in intermittently aerated CWs, and ranging from 62.68 to 85.49%
in non-aerated systems.
3.2. Nitrogen removal
The dynamics of nitrogen removal along the CWs can be seen in Figure 3. The results
obtained in the present study show that the final average concentration in CW1 was
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16.48 mg L-1 and 20.76 mg L-1 for NH4+ and TN, respectively. Thus, the mean final removal
efficiency (Table 2) of CW1 is 57.7 ± 4.5% and 48.6 ± 6.3% while in CW2, it is 98.5 ± 0.7%
and 83.6 ± 3.2% for NH4+ and TN, respectively. Although the removal efficiencies of CW1 for
NH4+ and TN with only 1 day of HRT are 35.64 ± 7.9% and 17.8 ± 8.8%, respectively, CW2
has a removal efficiency of 83.23 ± 3.6% and 66.4 ± 7.17% with the same HRT. That is, the
efficiency levels of the aerated system increase by ~47.6% for NH4+ and by 48.6% for TN,
thereby surpassing the final removal efficiency rates of CW1 in the first 24 hours of treatment.

Figure 3. Dynamics of nitrogen removal along the CWs.

The TN and NH4+ removal efficiencies in the CW2 can be considered satisfactory, since
the average values obtained are higher than those reported in the literature for non-aerated
constructed wetlands. Ramos et al. (2017) reported average TN removal efficiencies of 38-48%
in systems planted with Polygonum punctatum and Chrysopogon zizanioides with HRT of 3.2
days. It should be noted that these removal efficiencies were exceeded in only 24 hours in our
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CW2 system. The results obtained by Wang et al. (2016) showed a mean removal efficiency of
46% for NH4+ and 43% for TN in CWs planted with Canna indica L. with 5-day HRT. The
removal efficiencies obtained in CW2 for both parameters in 1 day of HRT were significantly
higher than the values obtained by those authors. Therefore, our results indicate that intermittent
aeration has enhanced the aerobic environment for nitrifiers and, in addition, the cattails have
aerenchyma tissues that transport oxygen from above-ground parts into the below-ground parts,
that is, the macrophyte roots released oxygen in the soil media, also increasing aerobic
microbial activity. Both these mechanisms improved the NH4+ and TN removal through
nitrification and also plant uptake.
Due to the predominantly anaerobic conditions non-aerated subsurface-flow CWs have
limitations in nitrogen removal, since the low availability of oxygen in the substrate
compromises the nitrification process (Wu et al., 2015). The results obtained in the present
study confirm these limitations, as can be seen in the NH4+ and TN average removal efficiencies
achieved in the CW1 system, which were 57.7% and 48.8%, respectively. Similar results were
also reported in the study developed by Hua et al. (2017), in which the authors obtained NH4+
and TN removal efficiencies in the ranges of, respectively, 20.7-66.9% and 38.1-51.6%.
Moreover, as stated above, the intermittently aerated system (CW2) showed high
efficiency in the removal of NH4+ and TN, with values of, respectively, 98.5 and 83.6%. These
results indicate, therefore, that the use of intermittent aeration allows the simultaneous
occurrence of nitrification and denitrification, improving nitrogen removal performance of
CWs. These results are similar to those obtained by Fan et al. (2016) and Wu et al. (2016).
However, it is observed that the remaining fraction of nitrogen in the CW2 effluent is mainly
composed of NO3-. This fact indicates that complete denitrification has not occurred, probably
due to the lack of organic matter (carbon). The occurrence of partial denitrification of the
effluent due to the absence of organic carbon was also observed by Wu et al. (2016).
Vymazal and Kröpfelová (2008) concluded that, in most cases, the removal of TN in nonaerated horizontal subsurface-flow constructed wetlands is small (40-50%), as these systems
do not provide simultaneous aerobic and anaerobic conditions for the occurrence of nitrification
and denitrification, respectively. On the other hand, the results of the present study show that
the use of intermittent aeration allows nitrification and denitrification to occur simultaneously,
increasing CWs performance in the removal of TN (CW2 was 35% more efficient than CW1).
3.3. Total Phosphorus
The results of the phosphorus analysis can be observed in Figure 4. Although they were
considered satisfactory, since constructed wetlands are efficient in removing biochemical
oxygen demand (BOD) and total suspended solids (TSS), phosphorus removal is still
considered a challenge (De Rozari et al., 2015). Moreover, the results partly contradict the
results of Ayaz et al. (2003) and Vymazal (2007); the former study stated that the phosphorus
removal efficiency varies between 20 and 70%, depending on the plant used and the feeding
regime, while according to the latter, total phosphorus removal varies between 40 and 60%
among all wetland systems.
The final phosphorus concentration in the CW1 was 1.58 mg L-1 and in the CW2 was 0.89
mg L-1, representing average removal efficiencies of, respectively, 58.66% and 78.1%.
Although these results are much higher than those obtained by Mendonça et al. (2012), who
obtained average removal efficiencies of 33.6% and 34.3% in CWs planted with cattails and
with 2 days of HRT, they are similar to the results found by Ramos et al. (2017) who obtained,
with 3.2 days of HRT, removal efficiencies of 51±24%, 69±22% and 45±19% in CWs without
vegetation, planted with P. punctatum, and planted with and C. zizanioides, respectively. Fia et
al. (2017) also reported high phosphorus removal efficiencies (73-78%) in the treatment of
swine wastewater in CWSs planted with cattails with HRT of 11.8-12 days.
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Figure 4. Total phosphorus input and output concentrations for both CWs.

It is noteworthy that the CW2 system was on average ~20% more efficient in removing TP
than the CW1 system. This difference can be attributed to the use of intermittent aeration, as it
promotes an increase in biological activity, including polyphosphate-accumulating organisms
(PAOs). In addition, intermittent aeration also promotes the mixing of the effluent, a fact that
intensifies the contact between phosphorus and the substrate and, consequently, improves the
absorption of this nutrient by the support material. Shi et al. (2017) also reported significant
improvements (18-46%) in the removal of phosphorus in intermittently aerated vertical
subsurface-flow constructed wetlands compared to non-aerated systems, both filled with gravel.
The results obtained by these authors indicate that intermittent aeration increased TP
accumulated by support material storage and also by microbial uptake
According to Vymazal (2007), phosphorus removal can be mainly associated with physical
processes such as adsorption, precipitation, accumulation of organic matter in the substrate,
microbial activity, and plant absorption. According to Greenway and Woolley (2001) plants
play a significant role in removing phosphorus, being responsible for the absorption of up to
80% of this nutrient in CWs. However, other studies suggest that plants are responsible for only
4.81–22.33% of phosphorus uptake (Wu et al., 2013; Dzakpasu et al., 2015) and therefore have
no significant role in TP removal.
It is also important to note that the age of CWs has an impact on the phosphorus removal
process. According to Fia et al. (2017) and Sousa et al. (2004), newly constructed wetlands
have greater capacity to adsorb and precipitate phosphorus-based compounds and, over time,
the system ends up saturated with these compounds, reducing their removal efficiency.

4. CONCLUSIONS
Based on the results obtained, it can be concluded that intermittent aeration increased the
efficiency of organic matter removal (represented by COD) and nutrient removal mainly in the
nitrification process. The best average values of COD (98.25%), NH4+ (98.52%), TN (83.6%),
and TP (78.1%) removal were obtained in the system using intermittent aeration, which
demonstrates the importance of aeration in nitrogen removal by creating excellent aerobic and
anaerobic conditions alternately; this also contributes to the removal of organic matter that is
consumed in the denitrification process. It was observed that although intermittent aeration in
a HRT greater than 3 days does not considerably improve the performance of COD removal as
opposed to the results observed in the removal of the nitrogen species, it is an alternative that
Rev. Ambient. Água vol. 15 n. 3, e2504 - Taubaté 2020
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significantly increases the efficiency in the treatment of organic matter and nutrients in a HRT
of less than 3 days. This suggests that it is an appropriate alternative for obtaining high
performance in constructed wetland systems.
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ABSTRACT
The study analyzed the quality of drinking water used in Brazilian urban slum residences
according to the standards established in Brazilian regulations. Bacteriological (n=231) and
physicochemical parameters (n=134) were analyzed, as the Standard Methods for the
Examination of Water and Wastewater establishes. The results revealed that contaminants in
the water consumed, for the most part, exceed the limits of drinking water quality standards,
putting the population's health at risk and reinforcing the urgency of the need for public policies.
Keywords: drinking water, physicochemical and coliforms analysis, water quality.

Qualidade da água para consumo humano em favelas urbanas
Brasileiras
RESUMO
O objetivo do estudo foi analisar a qualidade da água potável utilizada nas residências em
favelas urbanas brasileiras, de acordo com as normas estabelecidas nas legislações Brasileiras.
Os parâmetros bacteriológicos (n = 231) e físico-químicos (n = 134) foram analisados, de
acordo com Standard Methods for the Examination of Water and Wastewater. Os resultados
revelaram que a água consumida, em grande parte, excede os límites dos padrões de qualidade
de água potável, o que coloca em risco a saúde da população e reforça a urgência das políticas
públicas sociais.
Palavras-chave: água potável, análise bacteriológica e físico-química, qualidade da água.
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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1. INTRODUCTION
In Brazil, according to the last Demographic Census of 2010 of the Brazilian Institute of
Geography and Statistics (IBGE), 11,425,644 people, corresponding to 6% of the Brazilian
population, live in one of the 6,329 identified slums. The city of Rio de Janeiro is one of the
cities that has more people living in these areas, with 1,393,314 residents in 763 slums,
constituting 22% of the city's total population (IBGE, 2010). In general, in urban slums, urban
infrastructure (water supply, sewage, solid waste collection and drainage) is more precarious,
leaving the population more susceptible to social injustices. This demonstrates the inability of
public officials to meet and supervise the provision of social demands for adequate housing and
sanitation, as well as the proper implementation of urban public services (Lopes et al., 2011).
The diseases that occur in the slums are largely related to the absence of adequate sanitation,
agglomerated populations without planning, and consequently precarious conditions of
personal hygiene and housing (Ferreira, 2009). The consequences faced by the population
associated with the lack of sanitation and the expenses of the National Health System are high,
due to hospitalizations and the excessive use of medications. However, most waterborne
diseases could be avoided with an adequate sewage system and adequate water supply in
residences (Ignacio et al., 2017; Handam, 2016).
It is estimated that drinking water contamination causes 485,000 deaths per year due to
diarrheal diseases (WHO, 2017). With the conditions of contaminated water and low immunity,
people who drink water can acquire diseases, such as diarrheal diseases, hepatitis A, rotavirus,
giardiasis, amoebiasis (Brasil, 2006). Therefore, to ensure the human right to water and avoid
health risks, drinking water, preparation and production of food and personal hygiene must
meet the water quality standards set out in the legislation. The population's water supply and
drinking water must be guaranteed.
However, water supply in Brazil's slums is a major problem of social inequality, as water
supply is not guaranteed. There are pressures that affect the water supply in this type of territory.
As slum dwellers do not have access to water supplies, they take over the position of the
government and provide clandestine connections, where they draw water from the formal
connections that run through the slums of the government's sanitation company. These illegal
connections cannot ensure the quality and sufficient quantity of water for the population, but
these forms of supply are necessary for the survival of the people, who cannot afford the costs
of water supply by governmental water service providers. (Rodrigues, 2016).
In addition, when a water crisis occurs, they are the first places where maneuvers take
place, and thus there is a lack of water supply, since they are regions that have the largest
number of households benefited by social tariffs from government programs, and do not
generate a return on profit expected for sanitation service providers. In these territories, water
maneuvers take place by a resident hired by the water service providers, who is in charge of
these maneuvers. These slum dwellers are responsible for managing the water systems
(Rodrigues, 2016). In addition, violence and parallel power over the dominance of drug
trafficking in these locations can define who receives or does not receive water. Most slum
residents currently live with drug-related violence and conflicts with shootings between drug
dealers and the police. This situation affects the lives of residents who need to leave their homes,
for example, to study and work, making people victims. Reducing these conflicts would allow
improved access to public health promotion services and other initiatives for slum dwellers,
such as improving water and sewage systems (Handam, 2016).
In the Brazilian slums, treated water that is distributed by the sanitation companies to the
homes can be contaminated along the way due to the clandestine connections used by residents
to obtain water. Generally, due to the economic inequalities of the residents, the material used
for clandestine water connections in slums are made with materials with low durability and
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without safety mechanisms, and also exposed to irregular sewage pipes through which the
sewage is dropped due to lack of expert guidance (Barcellos et al., 1998). Due to tubes damaged
by rupture, in periods of intermittency or lack of water supply, the pressure favors the entry of
biological and chemical contaminants present in the soil into the tubes, polluting the water.
(Carmo, 2009). Another form of contamination that slum residents are subject to is found in the
processes of storing drinking water, including containers such as water reservoirs. When this is
not done properly, pathogens and/or vectors may proliferate, such as arbovirus-transmitting
mosquitoes, intestinal parasite cysts and bacteria that cause gastroenteritis (Sotero-Martins,
2014).
In Brazil, the water quality standards are established in Consolidation Ordinance No. 5 of
2017, which revoked Ministry of Health (MH) Ordinance No. 2914 of 2011. According to the
legislation, drinking water must not contain total coliforms nor Escherichia coli (E. coli). This
regulation also establishes the Maximum Permitted Values (MPV) for the physicochemical
parameters of water (Brasil, 2017). The drinking water from commercial gallons, also called
bottled water, must be in accordance with the National Health Surveillance Agency (ANVISA),
of the Brazilian Ministry of Health, Collegiate Board Resolution No. 275/2005 (Anvisa, 2005).
In this context, the objective of the study was to analyze the drinking water quality used in
residences in urban slums of Rio de Janeiro, RJ, Brazil, according to the standards established
in Brazilian regulations, and to use socio-environmental questions to produce indicators
regarding exposure to health conditions in these slums.

2. MATERIALS AND METHODS
The study was developed in the thirteen slums of Manguinhos, with 38,461 people living
in 12,528 residences, located in Rio de Janeiro, RJ, Brazil (-22°52'47.04" S; -43°14'57.18" W)
(Teias-Escola Manguinhos, 2013). The territory has one of the lowest Human Development
Indexes (HDI) (IBGE, 2010). The overall study area is characterized by serious social and
environmental problems, such as: clandestine electrical and plumbing connections to official
networks; poorly ventilated, shaded and overpopulated houses; contamination of water
reservoirs by poorly channeled sewers. Sewage is discarded in septic tanks built by the residents
themselves, either on the streets and sidewalks or directly on nearby rivers. These slums, as
usually happens with other Brazilian slums, suffer from high levels of violence associated with
drug trafficking (Ignacio et al., 2017; Ignacio, 2017; Handam et al., 2018).
In order to evaluate the water quality, the number of residences for water collection was
determined considering a simple random sampling, which represented 1% of each community
of Manguinhos, totaling 123 residences for water collection (Handam, 2016). Water samples
were collected from filters, bottled waters and taps in the kitchen of the residences. In total, 134
samples of water were collected from taps, 87 from filters and 10 samples from bottled waters,
totaling 231 analyzed samples of classified drinking water.
For the analysis of drinking-water quality, bacteriological (total coliforms and E. coli) and
physicochemical parameters (turbidity, pH, free residual chlorine, total alkalinity, total
hardness, nitrogen ammonia, nitrogen nitrite, chloride, conductivity, sulfate and total dissolved
solids) were used. Physicochemical analysis was performed only on tap water samples from
residences, because these were the main source of drinking water used in all of the dwellings.
The methods for bacteriological and physicochemical analysis were based on Standard Methods
for the Examination of the Water and Wastewater (APHA et al., 2012), and for bacteriological
analyses the samples were analyzed diluted and without dilution (Handam, 2016; SoteroMartins et al., 2017). The filter membrane method19 was then used with chromogenic indicator
culture medium, Chromocult® Coliform Agar (Cat. No. 1,10426,0100 / 500 Merck) (Handam
et al., 2018; Sotero-Martins et al., 2017).
The results of the water analysis of taps and filters were compared to the standard of
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Consolidation Ordinance No. 5 of 2017, that establishes quality standards for drinking water
(Brasil, 2017). For bottled water, the results were compared to the Resolution of Collegiate
Board (RDC) No. 275/05 of ANVISA (2005).
In order to achieve improvements in the quality of water consumed by residents, an
environmental health education guide on caring for water for human consumption was delivered
to residents. This guide aims to work with the population on the importance of water quality
for human consumption through health education actions. The Guide to environmental
education in health was developed through this work in group meetings, with contributions
from researchers, students and persons living in the slums, with a simple and illustrative
language to facilitate understanding. All the information and recommendations contained in the
Guide were used to instruct residents on how to proceed to improve the quality of drinking
water, highlighting the importance of the disinfection of water reservoir and water filters
(Sotero-Martins et al., 2014).
To assess the quality of the water consumed, the number of residences for water collection
was determined considering a simple random sampling, which represented 1% of each
community of Manguinhos, totaling 123 residences for water collection (Handam, 2016). Water
samples were collected from filters, bottled waters and taps in the kitchen of residences. In total,
134 samples of water were collected from taps, 87 from filters and 10 samples from bottled
water, totaling 231 analyzed samples classified for drinking water.
Through this study, a guide was produced to investigate water quality conditions in slums
to assist in conducting similar studies in other parts of the world.
The study was approved and registered by the Research Ethics Committee with Human
Beings of the Oswaldo Cruz Foundation / RJ / SISNEP under No. 548/2010.

3. RESULTS AND DISCUSSION
Regarding the laboratory results of the physical-chemical analyses of the water samples
(n = 134), 114 samples (85%) presented acidic pH, exceeding the limits of the drinking water
quality standards determined by the Brazilian Legislation of the Consolidation Ordinance
5/2017. This Ordinance establishes that the pH of the water must be between 6.0 and 9.5. In
addition, 1 sample was also inadequate due to the chloride parameter in the Amorim slum
(285.95 mg/l), being 1.14 times the maximum allowed value, according to the legal standards.
The acidity of the water is mainly due to the presence of free carbon dioxide in the water,
which can result from the decomposition of organic matter from sewage contamination and
industrial dumps (Coêlho, 2017). For human health, water with acidic pH can cause irritation
to the skin or eyes of individuals who come in contact (Morais et al., 2016). In addition, if
consumed for a long period, ten to twenty years, it can cause gastric problems such as gastritis,
ulcers and stomach cancer (Funasa, 2014). The high concentration of chloride causes an
unpleasant taste in the water and can cause laxative effects in individuals. Generally, they
originate from the dissolution of minerals or from the intrusion of seawater and can still have
their origin from domestic or industrial sewage (Funasa, 2014). Therefore, this indicates that
the water that reaches the taps of the houses is in unhealthy conditions and a risk to health.
Coêlho et al. (2017) observed in São Luís City, State of Maranhão, that the pH values were
below those recommended by Brazilian Law No. 5/2017, with results similar to those observed
in this study. Chlorides may be present in raw waters and in treated waters, depending on the
treatment performed.
The results of total hardness, free residual chlorine, total dissolved solids, total alkalinity,
ammonia, nitrite, sulfate and turbidity were in accordance with the maximum allowed values
described by the Ordinance of Consolidation nº 5 of 2017. The slums that presented the highest
mean levels of the parameters were: total hardness, in the Amorim slum (41.42±17.18); pH, in
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the Vila União slum (5.85±0.25); conductivity, in the Nelson Mandela slum (315.75±145.16);
TDS, in the Nelson Mandela slum (158.32±72.69); free residual, in the CAH slum (2.05±1.77);
chloride, in the Amorim slum (65.68±99.52); total alkalinity (40.99±1857) and N-nitrite
(0.037±0.018), in the Samora Machel slum; N-ammonia (0.055±0.024) and sulfate
(21.32±4.92), in the CHP2 slum; and turbidity, in the V. turismo slum (1.4±1.06).
The results of the bacteriological analyses of the water samples, considering both
bioindicators, total coliforms and E. coli, showed that 27% (26/97) of the water samples
collected from the filters and the bottled water meet the quality standard, and that 73% (71/97)
exceed the limits of the quality standards of the legislations: Consolidation Ordinance No.
5/2017 and Collegiate Board Resolution (RDC) No. 275/05 of ANVISA (Figure 1). For water
samples collected from taps, 31% (42/134) meet the quality criteria and 69% (92/134) exceed
the limits of the drinking water quality standards of the Consolidation Ordinance nº 5/2017
(Figure 2).
In a study conducted in favelas, it was observed that 58.8% of tap water samples, which
were not in accordance with the Brazilian Regulation, obtained positive results for total
coliforms and positive for E. coli (Pereira et al., 2015). According to De Souza et al. (2015),
slums in the city of Campos dos Goytacazes, Rio de Janeiro, presented a sample of tap water at
home outside the established bacteriological standards for water quality, with a level 35 times
higher of UFC/ml of total coliforms above the permitted by law and 10 times the UFC/ml level
of thermotolerant coliforms above that allowed by regulation. The presence of coliforms in the
water indicates the possible presence of other pathogenic microorganisms and their absence
indicates that other organisms are not present in the water (Sotero-Martins et al., 2017).

Figure 1. Mean levels of contamination by total coliforms and Escherichia coli in the water
samples of filters and bottled water in the Manguinhos slums, RJ, Brazil (n = 97). Break
interval: 1.6 - 2.5.
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Figure 2. Mean levels of contamination by total coliforms and Escherichia coli in
samples of tap water in the Manguinhos slums, RJ, Brazil (n = 134). Break interval: 0.9
– 1.2.

Porcy et al. (2020) evaluated water samples collected in residences located on the outskirts
of the city of Macapá. This study showed that 34.8% of households had positive results for total
coliforms and 26.1% for coliform thermotolerant, which could cause problems for human
health.
Corroborating the study according to Reis et al. (2014), levels above the total coliform
levels were found in bottled water samples. According to RDC ANVISA nº 275/200519, the
quality of bottled water is inappropriate when there is an absence of E. coli and when it has
values equal to or greater than <1.1 MPN for total coliforms.
The simultaneous evaluation of bioindicators - bacteriological and physical-chemical
parameters - of samples collected from taps, showed that only 10% (13/134) meet the quality
standards. The situation worsens when we consider both analysis parameters: 90% (122/134)
of the waters consumed in the territory exceed the limits of the drinking water quality standards,
according to the Ordinance of Consolidation nº 5 of 2017.
The results of water samples that did not meet the quality standards were similar in samples
collected from taps, filters and bottled water, demonstrating that the water supplied to the
residences in this territory is unreliable, and requires care to eliminate contaminants for human
consumption, mainly for drinking and washing food in order to avoid possible health problems,
such as diarrheal diseases.
The reasons for water contamination may be due to domestic conditions, such as lack of
cleanliness of the water tank, unchanged filter refills, and inadequate water conduit installation
(i.e., next to sewerage). This contamination may also be due to the water distributed by the
sanitation company and contamination during the distribution, which was provided by residents
through clandestine connections without guarantees of quality to the home. Since these
connections are generally constructed with poor quality materials and can also be exposed to
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irregular sewage pipes, when there are intermittent periods in the supply of water or lack of
water and a rupture in the pipes the pressure can favor the entry of soil contaminants into the
pipes, polluting the water.
In parallel with the lack of care provided by residents with drinking water in their homes
in relation to storage, it was identified in 2015 that the water distributed by the Rio de Janeiro
sanitation company (CEDAE) was contaminated by coliforms, reproducing thermololerants in
the piped water of the Guandu system (TrataBrasil, 2015). Recently, the water distributed by
the company has a high presence of potentially toxic algae, which give bad conditions of
turbidity, odor and taste of cold water in the metropolitan region of Rio de Janeiro (Alencar,
2020).
Other Brazilian slums also do not have regular water supply even located in the urban area
of the city, as in the case of the Tamarindo slum. This slum has clandestine pipes to obtain
water (De Souza et al., 2015).
In other studies (Pereira et al., 2015; Araújo et al., 2011) from urban slums, the population
also consumed water directly from the tap and most water samples exceed the limits of the
drinking water quality standards due to total coliforms and E. coli. Contamination of water
tanks can occur through animal feces present in water storage, in addition to the failure of some
residents to periodically clean the water tank. The reason for the lack of cleaning can be due to
the difficulty of accessing the place where the water tank is installed and the lack of information
about the periodicity and the cleaning procedure. The Guidance recommends that this cleaning
be performed at least once a year (Handam, 2016; Sotero-Martins et al., 2014), treating cleaning
as a yearly ritual. Contamination of the water collected from filters may be due to lack of
maintenance and care. Residents may not be using the filter properly, not performing according
to the manufacturer's recommendation. Before blaming residents, it should be noted that the
high cost of filters is an important barrier, especially in these vulnerable socioeconomic
communities. In addition, there were also reports of residents who had to change the refill of
the filter before six months, aiming to improve the quality, because the color of the water was
already dark. When filter refill is not replaced properly or when the water being filtered has
extremely poor quality, the filtering function can lose its efficiency allowing the passage and
microorganisms. The water filtration in the residences brings benefits in the prevention of
diarrhea in all age groups, being important the expansion of health education actions that aim
the use of water filters in homes, in which public treatment is absent or fails. In addition, the
use of household water filters is strongly related to the reduction of the general prevalence of
helminths and protozoa (Belo et al., 2012).
The contamination of the bottled water may occur at the source, in the container, or during
transport and storage (Inmetro, 2009). When the packaging is not adequately sealed and the
environmental temperature is high, these factors allow the passage of oxygen, favoring the entry
and proliferation of bacteria in the water as well as the release of nutrients from the plastic
(Rosenberg, 2003).
The process of storing drinking water due to intermittent water in slums is a risky process
for health because there are used containers, such as pools and buckets, which are not
appropriate, and can be sites of proliferation of disease vectors, such as the arboviruses.
Therefore, guidelines should be made on the most correct way of storing and guaranteeing
disinfection of water, for example by carrying out the addition of chlorine in the appropriate
amount per ml. Thus, one of the actions of the study to improve water quality to the population
of the slums was to use the Environmental Health Education Guide entitled "Drinking Water:
Care and Tips" (Sotero-Martins et al., 2014). The environmental health education material
developed was explained in the houses participating in the study. They were instructed on how
to treat water that may be contaminated by biological agents (bacteria, viruses, protozoa,
helminths); how to be careful with filters; and how to store water with quality. It was also given
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a sheet to be fixed in the refrigerator or behind the kitchen door. So, the resident could record
the change and cleaning dates of the filter, and the dates of cleaning the water tank. In view of
the results of water quality, residents of the slums of Manguinhos were advised not to consume
water directly from the tap, being indicated the use of filters, boiling or chlorination of the
water, as well as the cleaning of the water tank and the exchange filter refill periodically. In
addition, this guiding material can also be used in residences in other regions of Brazil and of
the world with characteristics similar to those of the present study, helping to improve the
quality of water for human consumption and consequently preventing disease and improving
the population’s health.

4. CONCLUSIONS
This study revealed that the health of the population of slums is at risk due to the quality
of drinking water consumed by the population, in general exceeding the limits of the drinkingwater quality standards determined by Brazilian Legislation. Health education actions, such as
the delivery of water-quality reports with basic recommendations on how to improve water
quality and the environment, support residents to adopt measures to prevent water-borne
diseases, such as good hygiene practices, careful cleaning of the reservoirs and water filters at
the recommended frequencies. The analyses point to the greatest social and environmental
vulnerability and the priorities of the regions for governmental actions to reduce health
inequities, such as education, access to health services and access to sewage and water
treatment.
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ABSTRACT
Low-order streams located near urban areas usually receive domestic, industrial, and
agricultural wastewaters that negatively affect river water quality. Additionally, water pollution
is associated with land-use variations around the river, which is characterized by unplanned
urbanization, intense agricultural activities, and deforestation. This work correlated land-use
patterns with physicochemical quality and genotoxic potential of water at four points (P1 to P4)
along the Extrema River, located in an industrial and agricultural area of Central Brazil.
Physicochemical analyses indicated that the water collected from the Extrema River is
inappropriate for human consumption. Using the Allium cepa model, no evidence of
cytotoxicity was observed at any point; in contrast, the genotoxic potential of these water
samples was observed. The correlation of these results with land use showed that the water
collected at P3 was the most contaminated; this is probably due to the inflow of wastewater
from municipal, industrial, and agriculture activities. Different results were observed for P2 and
P4, where land-use analysis attributed the water quality to forest burns. We concluded that
differential use of the land changed the characteristics of the associated river water, and A. cepa
parameters were more related to land-use characteristics than to physicochemical parameters.
This study highlighted the importance of associating land use with the cyto genotoxic potential
of water.
Keywords: agricultural activities, Allium cepa test, sewage, water quality.
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Efeito de padrões de uso do solo nas propriedades físico-químicas e
genotóxicas da água em um riacho de baixa ordem no Brasil Central
RESUMO
Córregos de baixa ordem localizados perto de áreas urbanas geralmente recebem águas
residuais domésticas, industriais e agrícolas que afetam negativamente a qualidade da água do
rio. Além disso, a poluição da água está associada à variações do uso da terra ao redor do rio,
caracterizada pela urbanização não planejada, atividades agrícolas intensas e desmatamento. O
objetivo deste trabalho foi correlacionar o padrão de uso do solo com a qualidade físico-química
e o potencial genotóxico da água em quatro pontos (P1 a P4) ao longo do rio Extrema,
localizado em uma área industrial e agrícola do Brasil Central. Análises físico-químicas
indicaram que a água coletada no rio Extrema é inadequada para consumo humano. Usando o
modelo de Allium cepa, nenhuma evidência de citotoxicidade foi observada em nenhum
momento; por outro lado, foi observado o potencial genotóxico dessas amostras de água. A
correlação desses resultados com o uso do solo mostrou que a água coletada no P3 foi a mais
contaminada; isso é provável devido ao influxo de águas residuais municipais e industriais e de
águas residuais das atividades agrícolas. Resultados diferentes foram observados para P2 e P4,
onde a análise do uso do solo atribuiu a qualidade da água às queimadas na floresta. Concluímos
que diferentes usos do solo alteraram as características da água do rio e que os resultados
obtidos pelo teste com A. cepa estavam mais relacionados às características do uso do solo do
que aos parâmetros físico-químicos. Este estudo destaca a importância de associar o uso do solo
ao potencial citogenotóxico da água.
Palavras-chave: atividades agrícolas, efluentes, qualidade da água, Teste de Allium cepa.

1. INTRODUCTION
Surface waters are the most important natural and economic resource for agricultural,
industrial, and anthropogenic activities. Water quality plays a pivotal role not only in habitat
protection but also in public health and socio-economic development (Xiao et al.,2016). Point
sources of anthropogenic activities, such as sewage treatment discharge, and nonpoint sources,
such as overland runoff from agricultural areas, can pollute surface water. Pollution from
nonpoint sources is more difficult to identify than that from point sources because of complex
biotic and abiotic interactions between runoff and the landscape (Sliva and Williams, 2001; Giri
and Qiu, 2016). Therefore, variation in land use is a principal factor affecting non-point source
pollution (Cheng et al., 2018). Land surface characteristics are generally modified by
deforestation, agricultural activities, and urbanization; these activities alter runoff volume and
water temperature, cause pollution, increase algal production, and decrease the concentration
of dissolved oxygen in water bodies (Ding et al., 2015).
Thus, the majority of water pollution problems are caused by changes in land-use patterns
within a given basin, as population and economic activity increase (Lee and Bastemeijer, 1991).
Unplanned urbanization, intense agricultural activities, and deforestation are positively
correlated with stream pollutants such as carbon, nitrogen, and phosphorous; forests and
grasslands, which are less influenced by anthropogenic activities, have negative correlations
(Bu et al., 2014; Teixeira et al., 2014; Su et al., 2015; Ullah et al., 2018).
In general, agricultural land use has a strong influence on nutrient parameters in river water
such as nitrogen and phosphorus content, fecal coliform bacteria, and trace metal elements
(Huang et al., 2013; Cao et al., 2013; Woli et al., 2004; Kang et al., 2010). Fertilizers used in
agricultural activities have different chemicals such as nitrogen and phosphorus, which can
potentially run off into nearby water sources and damage the nutrient content within the water
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body, affecting its overall quality (Permatasari et al., 2017). Industrial and urban land areas are
associated with organic pollution, trace metals, nutrients, and fecal coliform bacteria (Li et al.,
2009; Kang et al., 2010; Bu et al., 2014).
Because of the close interconnection with land use, low-order streams—which constitute
over 50% of the total stream length—are highly vulnerable to land-disturbing activities such as
deforestation, agriculture, and urbanization (Freeman et al., 2007; Ding et al., 2016). These
streams transport water, nutrients, organic materials, and sediments from terrestrial uplands to
downstream systems. Therefore, anthropogenic activities in low-order streams can increase
nutrient loading and reduce nutrient retention, which can result in the eutrophication and
hypoxia of distant downstream ecosystems (Dodds and Oakes, 2008; Ding et al., 2016). Despite
their important role in maintaining river health, most low-order streams are not routinely
monitored for water quality. Therefore, investigating the impacts of land use on water quality
in low order streams is crucial. A possible strategy for identifying the principal sources of
pollution is the use of multivariate statistical methods on large matrix data (Khan et al., 2016a,
2016b, 2017). This method has been successfully used to identify the anthropogenic and natural
sources of pollution in surface water bodies (Khan et al., 2016a). The results will be effective
not only for protecting local streams, but also for improving downstream water quality (Ding
et al., 2016; Norton and Fisher, 2000; Brion et al., 2011).
In this work, we used multivariable analysis to correlate land-use patterns with the
physicochemical quality and genotoxic potential of the Extrema River, a low-order stream
located in an industrial and agricultural area of Central Brazil. While most of the previous
studies correlated land-use patterns with the physicochemical parameters of water, in the
present work we also added the genotoxic potential of water. Genotoxic compounds, both
known and unknown, are the components of complex environmental mixtures that can have
adverse health effects on humans. Therefore, genotoxicity assays should be included as
additional parameters in water-quality monitoring programs (Ohe et al., 2004). For the
genotoxic analysis performed in the present study, we chose the Allium cepa test because of its
simplicity, relatively low cost, high sensitivity, and good correlation when compared with other
test systems (Fedel-Miyasato et al., 2014). There is a correlation of 82% between the A. cepa
test and the carcinogenicity test in rodents, and when compared with the prokaryotic model, A.
cepa is more sensitive than the Ames test (Rank and Nielsen, 1994). The A. cepa test has been
validated by the United Nations Environmental Program (UNEP), the World Health
Organization (WHO) and the US Environmental Protection Agency (USEPA) as an excellent
genetic model for the detection of genotoxicants and is frequently used in environmental
monitoring studies (Leme and Marin-Morales, 2009; Sousa et al., 2017; Düsman et al., 2014;
Silva et al., 2018; Bollani et al., 2018).

2. STUDY AREA
The study was conducted at four points along the Extrema River, in the city of Anápolis,
located in the mesoregion of the Goiano Center of Brazil. The area is between 16°5'00" S and
16°31'24" S latitude and 48°42'31" W and 49°14'12" W longitude at an approximate altitude of
1017 m. According to the Köppen and Geiger classification, Anápolis presents an Aw tropical
climate. The mean annual temperature is 22.2 ± 3.5oC and the mean annual precipitation is
1,441 ± 238 mm (Climate-Data, 2020). The Extrema River is part of the Antas River watershed
and extends for 22,852 km, comprising the regional planation surface IIA (Ferreira et al., 2014).
The study area runs from its source to its mouth, where it encounters the Antas River
(Figure 1). The Extrema River experiences an inflow of effluents produced by the Industrial
District of Anápolis (DAIA) after treatment at the Anápolis effluent treatment station. These
effluents are produced by the chemical, pharmaceutical, automotive, food, and agricultural
industries (CODEGO, 2018). According to the Department of Environment of DAIA, the load
Rev. Ambient. Água vol. 15 n. 3, e2486- Taubaté 2020
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of the raw sewage is approximately 3,750 Kg BOD/day.

Figure 1. Land-use map showing the locations of the Extrema River and water collection points.

3. METHODOLOGY
3.1. Water sampling and physicochemical analytical methods
The Extrema River has lentic characteristics and is stratified primarily during the dry
season. The low levels of sewer coverage impair the river by increasing the pollutant load,
especially during the dry season, and reduce water quality. Consequently, the samples were
collected from four locations (P1–P4) along the Extrema River in August 2017, a dry period in
the area (Figure 1). Surface water was collected in three different polyethylene bottles (± 500
mL) from each sampling point. The containers were adequately labeled and kept under
refrigeration (-4°C) for further analysis. During sample collection, water temperature (ºC),
electrical conductivity (μs/cm), dissolved oxygen concentration (mg/L O2), turbidity (NTU),
and pH were obtained using a multiparameter probe (Digimed). Total ammoniacal nitrogen and
soluble reactive phosphorus were quantified according to the methods explained by Solórzano
(1969) and Murphy and Riley (1962), respectively, in each sample collected from the four
points.
An atomic absorption spectrometer (AAnalyst 400, Perkin Elmer, Singapore) equipped
with deuterium background correction technology was used to measure the concentration of
environmentally hazardous metals through flame atomic absorption spectrometry. A hollowcathode lamp (Perkin Elmer, Singapore) was used as the radiation source. An air/acetylene
flame supplied at flow rates of 13.5 and 2.0 L/min, respectively, was used. First, the water
samples were acidified. They were then subjected to acid digestion; the instrument was operated
under the conditions recommended by the manufacturer. The pH of the solutions was adjusted
with the addition of 0.3 mol/L NaOH or HNO3 (Merck, Germany) and by using a pH meter
Rev. Ambient. Água vol. 15 n. 3, e2486 - Taubaté 2020
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equipped with a combined glass electrode. The contents of Fe, Zn, Cu, Cr and Pb were analyzed.
The metal quantifications were performed by comparing the samples with dilutions of
individual analytical grade standard solutions (1000 mg/L).
3.2. Toxicity test using Allium cepa assays
Bulbs of common onion (Allium cepa L.) were purchased from a local supermarket, and
14 bulbs were prepared for each sample. The bulbs were grown in distilled water at room
temperature for three days, after which the newly-formed root tips were cut from each bulb and
examined morphologically for any visible abnormalities. The bulbs were then treated with
surface water collected from the Extrema River. Another set of onion bulbs was placed in
distilled water to be a negative control. After 48 h in the test solutions, seven bulbs were used
for macroscopic analysis of toxicity and the root tips of five bulbs were used for microscopic
analysis. During macroscopic analysis, each root was measured in centimeters with a ruler.
During microscopic analysis, the root tips of each bulb were collected and fixed in a Carnoy’s
fixative solution (1 acetic acid: 3 alcohol) for 24 h. They were then stored in 70% alcohol. For
analysis, the root tips were rinsed a few times with distilled water and hydrolyzed with 5 M
HCl solution at room temperature for 1 min. Following hydrolysis, the roots were squashed in
acetic acid (45%, v/v), and a coverslip was placed on each slide. The coverslips were removed
after freezing in liquid nitrogen, and the roots were stained with Giemsa (5%) for 5 min. The
colored slides were evaluated using a Zeiss Optical Microscope (Zeiss, Oberkochen, Germany)
with 40x and 100x objectives. In total, 1,000 meristematic cells per slide and 5,000 cells per
treatment were analyzed. The cytotoxic potential was calculated through determination of the
mitotic index (MI). The MI was calculated for each treatment using the ratio of the number of
dividing cells to the total number of cells (Seth et al., 2008). The genotoxic potential was
estimated using the number of chromosomal and nuclear aberrations (CNA), and the mutagenic
potential was estimated using the number of micronuclei (MN).
3.3. Spatial analysis of use and land cover
Landsat-8 Operational Land Imager (OLI) images were chosen for the extraction of
information on land use. To match the water quality data, we used the image with path/row
number 222/71, which was obtained on September 11, 2017. Further image processing analysis
was carried out using ENVI 5.0. According to the methodology described by Santos et al.
(2017), we snipped a slit in the area of interest and analyzed the color composition of that area
by stacking spectral bands 6 (1.560–1.660 µm), 5 (0.845–0.885 µm), and 4 (0.630–0.680 µm).
Highlights and contrast were used to facilitate the interpretation of the targets and terrestrial
features in the image. For the land-use and ground-cover survey, the supervised maximum
likelihood classification method was used—MAXVER (Santos and Lima, 2018). Land use,
including that of natural and anthropic areas, was classified into seven types: a) Agriculture,
which includes areas occupied by annual and perennial crops; b) Water, which includes lakes,
rivers, and streams; c) Urban area, which encompasses roads, residences, and industries; d)
Pasture, which comprises pasture areas intended for cattle raising; e) Woodland, which consists
of forests with vegetation areas from native Cerrado; f) Burn scar, which includes regions where
burnings or forest fires have occurred; and g) Exposed soil, which includes areas without
vegetation cover. The overall accuracy of this land-use classification was 96.6%, and the Kappa
coefficient was 0.96, showing high classification accuracy and indicating that the land-use map
could be employed in the subsequent analysis. The spatial distribution of land-use and watermonitoring sites in the study area is shown in Figure 1. The proportions of land-use types in the
four zones were also computed using ArcGIS 10.2. Buffers of 500 m, 1000 m, and 2000 m radii
were created around each water collection point. Geoprocessing tools were used to analyze the
total area occupied by each of the land-use types at the different collection sites. The attribute
tables containing information on each buffer were exported from ArcGIS in an ExcelRev. Ambient. Água vol. 15 n. 3, e2486- Taubaté 2020
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compatible format and were used in the total and percentage area calculations by mapping class.
3.4. Statistical analysis
In the A. cepa analysis, the onions were divided for five treatments, each containing five
replications. The values obtained from toxicity, genotoxicity, and mutagenic analyses were
evaluated through analysis of variance (ANOVA) and compared through Tukey post-hoc tests.
The obtained p < 0.05 value was considered as indicative of significance.
Cell parameters such as root length, MI, CNA, and the incidence of MN were considered
response variables for the set of sampled points. Furthermore, all relevant water quality
attributes, such as water temperature, electrical conductivity, dissolved oxygen content,
turbidity, pH, trace metals, ammoniacal nitrogen, and soluble reactive phosphorus content, were
used as environmental parameters. For the characterization of water quality and determination
of the interaction between biological parameters, the corresponding canonical analysis (CCA)
was applied. The parameters identified for land-use characterization at different distances in the
buffers were also analyzed using the same test. Quantitative biological parameters were
compared with water- and land-use characteristics using simple polynomial regressions; the
statistical significance and regression coefficient were derived.

4. RESULTS
4.1. Physicochemical characteristics of the water collected along Extrema River
The results of physical analyses (temperature, turbidity, electrical conductivity, dissolved
oxygen content, and pH) of the samples collected from the Extrema River (P1–P4) were
compared with the standards established by the Brazilian law for Class 2 water resources
(Table 1), which includes water for human consumption, agriculture, recreation, and fishing
activities (CONAMA, 2005).
The samples from P1, P2, and P4 showed results that were within the standards established
by Brazilian law. The sample from P3 presented low levels of dissolved oxygen and low pH. It
is important to highlight that although Resolution 357 of CONAMA does not establish limits
for electrical conductivity, according to the Environmental Company of the State of São Paulo
(CETESB, 2015), levels above 100 μs/cm are indicative of impacted environments. That is the
case at P1 and P3. Thus, with respect to physical parameters, only water from P2 and P4 appears
to be appropriate for human consumption.
Table 1. Physical characteristics of the surface water collected along the Extrema River.
Sample

Temperature
(ºC)

Turbidity
(NTU)

Electrical conductivity
(µs/cm)

Dissolved oxygen
(mg/L O2)

pH

P1

19.3

70.2

104.1

60.6

6.7

P2

18.3

40.8

35.7

131.3

6.8

P3

19

34.1

337.2

1.5*

5.7*

P4

18.2

24.4

76.5

85.8

6.3

Levels permitted
by Brazilian law

-

≤ 100

-

≥ 5.0

6.0–9.0

*

Levels not permitted by CONAMA for Class 2 water bodies (Resolution nº 357/2005).

Water collected from the sampling points was analyzed for N, P, and trace metal contents
(Table 2). Water collected at P3 presented the highest N, P, and Fe contents. The Fe and Cr
contents were above the limits established by Brazilian law at all sampling points. Therefore,
Rev. Ambient. Água vol. 15 n. 3, e2486 - Taubaté 2020
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with respect to chemical content, water from the Extrema River is not appropriate for human
consumption.
Table 2. N, P, and trace metal contents (mg/L) in the surface water collected at different locations from
the Extrema River.
Sample

Ammoniacal nitrogen
(NH4-N)

Orthophosphate
(PO4-P)

Fe

Cr

Pb

Zn

Cu

P1

0.0005

0.0006

0.375*

0.317*

0.010

ND

ND

P2

0.0035

0.0008

0.444*

0.345*

0.010

ND

ND

P3

0.0481

0.0562*

11.046*

0.345*

0.010

ND

ND

P4

0.0220

0.0142

2.885*

0.345*

0.010

ND

ND

Levels permitted
by Brazilian law

3.7

0.05

0.3

0.05

0.01

0.18

0.009

*

Levels not permitted by CONAMA for Class 2 water bodies (Resolution nº 357/2005);
ND: not detected.

4.2. Cytogenotoxicity of water collected from the Extrema River
Water collected from the Extrema River (P1–P4) was evaluated using the A. cepa model
to verify its cyto genotoxic potential (Table 3). Water collected at P1 and P2 was found to
increase A. cepa root growth, suggesting the presence of substances with mitogenic activity. In
agreement with this result, the MI of P1 was higher than the MI of the NC. However, the MIs
of the other sample points (P2, P3, and P4) were similar to that of the negative control. In
contrast, the number of CNAs was higher in A. cepa meristematic cells treated with water
collected at P3 than in the negative control, indicating the genotoxic effect of the water collected
from P3. The most common CNAs observed were chromosome bridge, lagging chromosome,
chromosome stickiness, chromosome loss, chromosome break, C-mitosis, binucleated cell, and
nuclear bud (Figure 2). Water samples collected at P2, P3, and P4 were seen to induce MN
formation in A. cepa meristematic cells (Table 3 and Figure 2) when compared with the negative
control, indicating its mutagenic potential.
Table 3. Cytogenotoxic evaluation of surface water collected from the Extrema River
using the Allium cepa model.
Sample

Toxicity
(root length, cm)

Cytotoxicity
(MI, %)

Genotoxicity
(CNA)

Mutagenicity
(MN)

P1

5.80 ± 0.55 b

5.12 ± 1.77 a

5.80 ± 2.16 a

0a

P2

5.56 ± 1.17 b

3.42 ± 1.20 a

7.40 ± 1.81 a

1.00 ± 0.70 b

P3

1.50 ± 0.47 ac

4.84 ± 0.91 a

13.80 ± 5.01 b

1.60 ± 1.81 b

P4

3.50 ± 1.55 ad

4.14 ± 1.17 a

6.80 ± 3.49 a

1.60 ± 1.52 b

Negative Control

2.85 ± 0.36 a

4.44 ± 1.80 a

2.00 ± 1.41 a

0a

Data are presented as mean + standard deviation. Equal letters represent data belonging
to the same population. Different letters represent statistically significant differences
(p<0.05).
MI: mitotic index; CNA: chromosomal and nuclear aberrations; MN: micronucleus.
Rev. Ambient. Água vol. 15 n. 3, e2486- Taubaté 2020
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Figure 2. Most common chromosomal and nuclear aberrations (CNAs)
observed in the Allium cepa meristematic cells exposed to water from the
Extrema River. A: chromosome bridge; B: lagging chromosome; C:
chromosome stickiness; D: chromosome break; E: chromosome loss; F: Cmitosis; G: binucleated cell; H: nuclear bud; and I: micronucleus.

4.3. Relationship between land-use pattern, water quality and cellular alterations
The land-use analysis data, obtained from land-use mapping and soil cover, are presented
in Table 4.
Analysis of the regression coefficient showed that the A. cepa root length was directly
proportional to the pH of the water and inversely proportional to the amount of Fe and
ammoniacal nitrogen in the water. In agreement with the ammoniacal nitrogen relation, the root
length was inversely proportional to pasture areas with a radius of 2000 m. CNAs were
positively related to Fe and to orthophosphate content. CNA showed a positive correlation with
the area occupied by water with a radius of 500 m, agricultural area with a radius of 2000 m,
and an area of exposed soil with a radius of 2000 m. MN frequency was inversely proportional
to water turbidity and did not present any relationship with land use. Also, because MI was not
statistically different among the sampled collection points, the MI did not present a specific
relationship with any parameter of water quality and land use investigated in this work
(Table 5).
Investigations regarding the characteristics at each sample collection point along the
Extrema River revealed that P1 presented a relation with urban areas in the three analyzed buffer
distances (Figure 3). This was expected because the highest values of area occupied by urban
class land use were observed near P1 (Table 4). This point presented the lowest Cr content,
placing P1 opposite to the Cr vector in the canonical correspondence chart (Figure 3). By
extension, P1 also presented the lowest relationship with MN, CNA, and MI (Figure 3).
Rev. Ambient. Água vol. 15 n. 3, e2486 - Taubaté 2020
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Table 4. Measurement of areas occupied by the land-use classes for landuse analysis.
Classes of land use and land cover (area values in km²)
Sample

Agri
500 m

Wat
500 m

Urb
500 m

Pas
500 m

For
500 m

Burn
500 m

Soil
500 m

P1

0.02

0.00

0.22

0.26

0.11

0.17

0.00

P2

0.02

0.00

0.09

0.32

0.14

0.22

0.01

P3

0.08

0.00

0.00

0.45

0.08

0.00

0.17

P4

0.03

0.00

0.11

0.29

0.27

0.09

0.00

Sample

Agri
1000 m

Wat
1000 m

Urb
1000 m

Pas
1000 m

For
1000 m

Burn
1000 m

Soil
1000 m

P1

0.04

0.04

1.61

0.99

0.20

0.23

0.04

P2

0.10

0.00

0.87

1.26

0.38

0.42

0.12

P3

0.15

0.03

0.04

1.76

0.39

0.02

0.75

P4

0.06

0.00

0.38

1.27

0.62

0.81

0.00

Sample

Agri
2000 m

Wat
2000 m

Urb
2000 m

Pas
2000 m

For
2000 m

Burn
2000 m

Soil
2000 m

P1

0.19

0.04

7.25

2.63

1.28

0.94

0.25

P2

0.30

0.02

6.74

3.41

1.17

0.62

0.31

P3

1.01

0.06

1.25

6.28

1.40

0.16

2.41

P4

0.32

0.00

1.31

5.38

2.79

2.41

0.35

Agri: Agriculture; Wat: Water; Urb: Urban area; Pas: Pasture; For: Forest;
Burn: Burn scars; Soil: Exposed soil. 500 m, 1000 m, and 2000 m codes are
relative to the buffer radius lengths presented in Figure 1.
Table 5. Regression coefficient (R²) and statistical significance (p) of the
relationship between parameters investigated using the Allium cepa model
and those related to water quality and land use.
Allium cepa parameters

Water- and land-use parameters

R2

p

Root length

pH

0.98

0.01

Fe

-0.95

0.04

NH4-N

-0.99

0.000

Pasture in 2000 m

-0.97

0.02

Fe

0.96

0.03

Orthophosphate

0.96

0.03

Water in 500 m

0.98

0.01

Agriculture in 2000 m

0.99

0.004

Exposed soil in 2000 m

0.98

0.01

MN

Turbidity

-0.97

0.02

MI

ND

ND

ND

CNA

CNA: chromosomal and nuclear aberration; MN: micronucleus; MI:
mitotic index; ND: not determined.
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Figure 3. The relationship between water quality, soil use and
toxicity parameters with the water samples collected along the
Extrema River. A canonical correspondence analysis showed that the
water collected along the Extrema River was, in general, more related
to the landscape pattern than to water parameters (physicochemical
and toxicological). In agreement, Allium cepa parameters were more
related to the landscape use characteristics than to the water quality
parameters per se.

P2 and P4 are interrelated and related to burn scars and forest use (Figure 3) in the different
distances analyzed, because these classes of land use occupy more areas around the two points
(Table 4) and present land-use patterns most related to dissolved oxygen (DO), water pH, Cr
content, and A. cepa parameters [root length (RL), CNA, MN, and MI]. Burned areas are related
to P2 and P4 land-use patterns; thus, the effects observed in the water at these points are
probably caused by this type of land use. P3 is the point most related to agriculture, pasture,
and exposed soil classes. In agreement, P3 was related to NH4-N, Fe, orthophosphate, lower
pH, and electrical conductivity (EC).

5. DISCUSSION
A water quality assessment is the evaluation of the physical, chemical, and biological
nature of the water. However, the majority of the studies consider only one method for
monitoring water quality (Chapman, 1996). In this work, we evaluated the physical, chemical,
and toxic potential of water collected from the Extrema River, a low-order stream. To
complement this strategy, we also evaluated the land-use patterns in the basin and derived the
relationship between land use and water quality.
Water collected at P3 was the most affected and presented low levels of dissolved oxygen,
low pH, EC above 100 μs/cm, high levels of P, Fe, and Cr, and a high number of CNAs and
MN. High phosphorus content could explain the low levels of dissolved oxygen. Eutrophication
management has centered on phosphorus control (Dodds et al., 2009). In this scenario,
orthophosphate is important because it is the principal form of phosphate assimilated by
autotrophs (Correll, 1998). The nutrient input can cause an increase in algal blooms, which
consume O2 and are detrimental to water quality (Dodds et al., 2009). Phosphorus levels may
increase because of fertilizer use and the inflow of municipal and industrial wastewater (Conley
et al., 2009). A sewage treatment plant near P3 that disposes its effluents can be considered as
the phosphorus source. Moreover, the land-use study revealed that P3 was the point most related
to agriculture, pasture, and exposed soil. The increase in nutrients in the soil because of
agricultural fertilization makes surface water more susceptible to the inflow of these elements
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(Permatasari et al., 2017). Soil areas exposed by erosion, through which nutrient elements are
carried to lower parts of the terrain (usually where the water bodies run), also contribute to the
inflow of these nutrients in surface waters (Bertol et al., 2003).
Furthermore, the higher EC observed at P3 could be explained by the chemical element
input into the water at this point; these chemical elements are derived from activities in the
surrounding areas, such as agricultural fertilization and wastewater disposal. Similar results
have been reported by Ribeiro et al. (2014). An increase in EC with an increase in the
agricultural area was observed. The concentration of ions in water increased with an increase
in the proportion of agricultural land, corroborating the potential for nutrient transport from soil
to water (Ribeiro et al., 2014).
The high levels of CNA and MN observed in A. cepa cells treated with water collected at
P3 can be explained by the high content of Fe and Cr detected. Transition metal ions, including
Fe and Cr, can catalyze hydrogen peroxide decomposition with the generation of hydroxyl
radicals (HO•), known as Fenton and Fenton-like reactions. Therefore, in biological systems,
transition metals can undergo redox cycling reactions and produce reactive oxygen species
(ROS) (Chumakov et al., 2016). ROS can promote DNA breaks and mutations responsible for
chromosome aberrations and micronucleus formation (Luzhna et al., 2013). Interestingly, we
observed a positive relation between CNA and Fe content. The presence and bioaccumulation
of trace metals in surface water and the influence of these elements on toxicogenomic damage
both in A. cepa and in the fish Oreochromis niloticus were previously investigated (Matos et
al., 2017).
Similar to our work, previous studies have reported that some anthropogenic activities in
river basins, such as urbanization and agriculture, play an important role in water quality as
sources of pollution and cause significant changes in the soil surface and the runoff of nutrients
(Sliva and Williams, 2001; Buck et al., 2004; Lee et al., 2009; Huang et al., 2013). This
relationship highlights the urgent necessity for preserving the Extrema River spring. Similar to
P3, the water collected at P1 presented an EC above 100 μs/cm and levels of Fe and Cr above
the limits established by Brazilian law (CONAMA, 2005). Although P1 is considered a river
spring, it is located in an area with high urbanization and pasture use, which contributes to its
impacted environment.
The results obtained for P2 and P4 are interesting because both are related to burn scars
and forest use and are more related to dissolved oxygen (DO), water pH, Cr content and A. cepa
parameters [root length (RL), CNA, MN, and MI]. These results seem in contrast with what
was previously observed, because forests are supposed to mitigate water quality degradation
(Sliva and Williams 2001; Lee et al., 2009). However, it is important to highlight that the burned
areas also had correlations with the same parameters as P2 and P4. Therefore, it is probable that
the effects observed in the water at these points are caused primarily by the burns. Forest-land
water cannot always be considered adequate for human consumption, as the nitrogen output is
high in forested areas during storms, heavy rainfall, and burns (Tong and Chen, 2002; Smith et
al., 2011). Following burns, increased erosion rates and changes in runoff generation and
pollutant sources may greatly increase the flux of sediment, nutrients, and other water quality
constituents, potentially contaminating water bodies. In the first year post-fire, suspended
sediment, total N, total P, Fe, Mn, As, Cr, Al, Ba, and Pb exports commonly increase compared
with unburned areas (Smith et al., 2011).

6. CONCLUSION
The physicochemical and genotoxic results obtained from this study showed that the
surface water of the Extrema River is inappropriate for human consumption and in urgent need
of preservation actions. Additionally, the A. cepa assay was shown to be a useful genotoxic
hazard recognition tool that should be implemented in monitoring programs. The multivariable
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analysis associated the physicochemical and cytogenotoxic parameters with the different uses
of the land, demonstrating that the type of land use changed the water characteristics.
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ABSTRACT
Nanosatellites and CubeSats were first developed for educational purposes. However, their
low cost and short development cycle made nanosatellite constellations an affordable option
for observing the Earth by remote sensing, increasing the frequency of high-resolution imagery,
which is fundamental for studying and monitoring dynamic processes. In this sense, although
still incipient, nanosatellite applications and proposed Earth observation missions are steadily
growing in number and scientific fields. There are several initiatives from universities, space
agencies and private companies to launch new nanosatellite missions. These initiatives are
actively investigating new technologies to improve image quality and studying ways to increase
acquisition frequency through the launch of larger constellations. So far, the private sector is
leading the development of new missions, with proposals ranging from 12 to more than one
thousand nanosatellite constellations. Furthermore, new nanosatellite missions have been
proposed to tackle specific applications, such as natural disasters, or to test improvements on
nanosatellite spatial, temporal and radiometric resolution. The unprecedented combination of
high spatial and temporal resolution from nanosatellite constellations associated with
improvement efforts in sensor quality is promising and may represent a trend to replace the era
of large satellites for smaller and cheaper nanosatellites. This article first reports on the
development and new nanosatellite missions of space agencies, universities and private
companies. Then a systematic review of published articles using the most successful private
constellation (PlanetScope and Doves) is presented and the principal papers are discussed.
Keywords: cubeSat, planetScope, remote sensing.

Nanossatélites aplicados à observação da Terra ótica: uma revisão
RESUMO
Os nanossatélites e os CubeSats foram desenvolvidos pela primeira vez para fins
educacionais. No entanto, seu baixo custo e curto ciclo de desenvolvimento fizeram com que
constelações de nanossatélites se tornassem uma opção acessível para aumentar a frequência de
imagens de alta resolução visando o sensoriamento remoto de observação da Terra, requisito
fundamental para o estudo e monitoramento de processos dinâmicos. Nesse sentido, embora
ainda incipientes, as aplicações de nanossatélites e as missões propostas estão crescendo
constantemente em número com aplicações em diferentes campos científicos. Existem várias
iniciativas de universidades, agências espaciais e empresas privadas para lançar novas missões
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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de nanossatélites. Essas iniciativas vêm investigando novas tecnologias para melhorar a
qualidade das imagens e vêm estudando maneiras de aumentar a frequência de aquisição através
do lançamento de grandes constelações de nanossatélites. Até agora, o setor privado está
liderando o desenvolvimento de novas missões, cujas propostas envolvem a criação de
constelações cujo número varia de 12 a mais de mil nanossatélites. Além disso, novas missões
de nanossatélites vem sendo propostas para lidar com aplicações específicas, como desastres
naturais, ou para testar melhorias na resolução espacial, temporal e radiométrica de
nanossatélites. A combinação, sem precedentes, de alta resolução espacial e temporal oferecida
pelas constelações de nanossatélites, associada a esforços de melhoria na qualidade do sensor
é promissora e pode representar uma tendência das agências espaciais, universidades e
empresas privadas de substituição de grandes satélites por nanossatélites menores e mais
baratos. Este artigo relata primeiramente o desenvolvimento e novas missões de nanossatélites.
Em seguida, uma sistemática revisão de artigos publicados usando a constelação de maior
sucesso (PlanetScope e Doves) é apresentada e os principais trabalhos discutidos.
Palavras-chave: cubeSat, planetScope, sensoriamento remoto.

1. INTRODUCTION
Earth observation using orbital platforms has become an important and effective tool for
promoting sustainable development by assessing historical trends on Earth's surface changes
and their spatial correlation (Sandau et al., 2010). In this context, there are several satellite
systems with different characteristics, with a wide range of different radiometric, spectral,
spatial and temporal sensor’s resolutions. Due to the lower development costs, nanosatellites
(mass between 1-10 Kg) have been launched in great numbers, promoting an unprecedented
combination of high temporal and spatial resolution. These groups of satellites orbiting the
Earth are called “constellations”, and provide frequent information on the Earth’s surface,
which is useful to monitor the fast pace of anthropogenic and climate-change impacts, such as
frequent forest fires (Flannigan et al., 2000; 2006; Gillet et al., 2004), increased rates of melting
ice, damage caused by natural disasters, frequent harmful algal blooms, and food production
losses (Deutsch et al., 2018; Paterson et al., 2010; Zhang and Liu, 2005), among others.
The last decade of the 20th century was a turning point in the space development trend.
CubeSats standard (10cm x 10cm x 10cm format), a type of nanosatellite opened a new cycle
of space mission development related to their flexibility and success rate, with affordable
mission failures related to the low launching costs (Shiroma et al., 2011). CubeSats might be
1U, with the most-used being the 3U (10x10x30 cm), 4U, and other formats according to the
mission’s requirements (Shiroma et al., 2011; Villela et al., 2019). Recent advances in
microelectronics and microsystems introduced lighter components reducing energy
consumption, size and mass, which increased the satellite design flexibility (Davoli et al.,
2018). Nanosatellites’ lower costs (around 1 million dollars) contrasts with the investment of
traditional large satellites, such as Landsat and Sentinel, which cost around 855 and 300 million
dollars, respectively (Landsat Advisory Group, 2018). Moreover, CubeSats are launched as a
secondary payload, taking advantage of the large satellite launches, reducing mission costs even
further (Swartwout, 2013).
This cost reduction allowed universities, private companies and countries outside the
mainstream space agencies to invest and implement space missions, which otherwise would be
too costly to afford (Villela et al., 2019). This has led to space democratization, bringing new
cycles of space technology development by engaging more people and different cultures.
However, it is the private sector that has been leading the development of nanosatellites. The
company Planet has, so far, used the CubeSat advantages to launch the most successful CubeSat
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constellation, with 120 PlanetScope satellites that offer, on a global scale, a pioneering
combination of high spatial and temporal resolution (Cooley et al., 2017).
So far, the nanosatellite Earth observation applications use mainly PlanetScope images.
Studies that require high detail and frequent images to study dynamic land cover, oceanography,
vegetation, and inland water have been done using the PlanetScope constellation. However,
new nanosatellite proposals and technological demonstrations from universities, space agencies
and especially other private companies might challenge the current Planet Company market
domination. Companies such as SatRevolution, for example, aim to launch more than one
thousand nanosatellites to obtain minute-level Earth observation, a huge amount of information
that will require new ways of storage and data processing. Furthermore, highly specialized
nanosatellites have been proposed to observe specific processes, such as natural disasters,
inland water resources and rates of ice melting.
This article first reports on the development of nanosatellite constellations from space
agencies, universities and private companies. Additionally, a systematic review is carried out
to identify remote-sensing articles published in international remote-sensing journals, which
discuss the PlanetScope or Doves constellations. In the same sector, key articles in areas of
vegetation, natural disaster, oceanography and inland water were selected for discussion.
Furthermore, based on the articles reviewed, the principal limitations of nanosatellites were
identified.

2. NANOSATELLITES SPACE MISSIONS
This section describes the planning of different sectors of nanosatellite optical Earth
observation missions. First, the development of nanosatellite is described by space agencies
from both developed and developing countries. Then a survey of nanosatellite constellations
proposed by the private sectors of different countries is presented. For this analysis, only
companies with proposed nanosatellite information on their webpages were included.
Traditional space agencies have been investing in nanosatellites in order to support
universities, to test new technologies and as a complement to their large-satellite data. The main
agency supporting the development of nanosatellites is the National Aeronautics and Space
Administration (NASA), with an educational program ElaNa (Educational Launch of
Nanosatellites), started in 2010, which aimed to attract students to technological careers (Crusan
and Galica, 2016). Since the beginning of the program, 85 CubeSats have been developed
through 25 ElaNa calls, with a provision of more 35 CubeSats in more than 4 calls (Camps,
2019). These projects have given NASA expertise in testing emerging technologies to be used
in future CubeSat missions. NASA is also developing its own CubeSats, such as the 1U CubeSat
Intelligent Payload Experiment (IPEX), in partnership with California Polytechnic State
University, to validate a system to reduce data volume by twenty times in cases of urgent imageproduct generation (Jet Propulsion Laboratory, 2019).
The ESA (European Space Agency) is also increasingly recognizing the potential of
nanosatellites. Piro et al. (2018), for instance, proposed a 3U hyperspectral CubeSat, the
Hyperspectral Bridge for Sentinels (HYBRIS) to the ESA as a component of the Copernicus
constellation. Sensor design specifies 270 bands distributed between 400 nm to 1000 nm with
6 nm spectral resolution (Piro et al., 2018). According to the authors, such a sensor would be
useful for studying atmospheric composition, open oceans, coastal regions, continental waters,
agriculture, forest, land-cover changes and geology (Piro et al., 2018). However, the ESA is
planning to support the Copernicus program with a 6U CubeSat called FSSCat to be launched
in 2020 (Copernicus Masters, 2017). The FSSCat payload will include a microwave and a
multispectral optical sensor with a 40 m spatial resolution focused on polar regions (soil
moisture, ice extent, ice thickness, melting ponds over ice) (Copernicus Masters, 2017). The
ESA argues that the FSSCat would be the precursor of a larger CubeSat constellation, able to
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offer high temporal resolution at moderate spatial resolution (Copernicus Masters, 2017).
Nevertheless, other countries not traditionally active in space technology are also investing
in nanosatellites. Earth observation nanosatellites, for instance, have been developed in African
countries (Woldai, 2020), including the XinaBox ThinSat (planned to launch in 2020 by South
Africa, AngoSat-1 and 2, ALSAT-1N (Algerian Space Agency), the Egyptians NileSat-201,
NileSat-301, NExSat-1 (planned to be launched in 2019 but delayed) and NARSSCube-2
(identical to NARSSCube-1). Furthermore, Ghana, Kenya, Morocco, Rwanda, Sudan, and
Ethiopia are all investing in low-cost nanosatellites (Woldai, 2020). According to Xue et al.
(2008), space agencies from Germany, Italy, Sweden, Argentina, Spain, Thailand, Pakistan,
Turkey, Japan, South Korea, India, and China are all developing their CubeSats, a considerable
expansion in the spatial industry.
The simple architecture, and reduced development and launch costs made the concept of
nanosatellite constellations possible. Moreover, the need for smaller capital for launching
allowed the engagement of private companies and universities in space missions, something
unthinkable at the beginning of the space era. Statistics regarding nanosatellite launch success
(Villela et al., 2019) follows a binomial distribution, with the probability increasing from
around 30% in 2003 to nearly 75% in 2018. However, space agencies and universities have
developed and launched CubeSats in small numbers, normally for technological demonstrations
or educational purposes. With the launch of single units, for example, the Aalto University
(Finland) developed a nanosatellite called Aalto-1, a 3U CubeSat for Earth observation (ESA,
2020); the University of Nairobi (Kenya) developed a nanosatellite 1U called 1KUNS-PF
(Nanosats and Cubesats Database) and Wuhan University (China) developed the Luojia 1-01,
a 6U CubeSat for Night-light Earth observation (in the future is planned to launch a
constellation of 60-80 Luojia 1-01) (Nanosats and Cubesats Database).
In contrast, the private sector is leading the development of new CubeSats, attempting to
launch constellations of hundreds or even thousand satellites that offer daily coverage images
(expecting to be minute-level coverage in the future), an advantage that is challenging the
traditional large satellites. These companies normally contract satellite manufacturing and
launch from other private companies, creating a global chain of space services and products
(Rabionet, 2019). The company Surrey Satellite Technology, for example, offers a 12U
CubeSat platform to customers who want to launch payloads to earth observation, technology
demonstration, radiation monitoring, among others (Surrey, 2019).
Considering the lower costs of nanosatellites, even traditionally non-space countries are
developing CubeSats in the private sector. Portugal aims to launch its first satellite through the
TEKEVER company, the 16U CubeSat called INFANTE (Tekever, 2019). However, most of
the private progress is still concentrated in countries with more developed spatial industries,
such as the USA, China or Europe. The American company Astro Digital has launched 6
nanosatellites 6U (Astro Digital's Corvus Platform) into orbit, which have a 22 m spatial
resolution in RGB and NIR bands (Astro Digital, 2018) since 2017. Similarly, Karten Space, a
Spanish company, is developing a constellation of 6U CubeSats (Karten Space Earth
Observation Satellites), with four bands (RGB and NIR), 3 m spatial resolution and daily
coverage (Karten, 2019). Another Spanish company, Aistech Space, is also planning a 150nanosatellite constellation to be launched until 2022 (Aistech Space, 2019). Reaktor Space,
based in Finland, has launched in 2018 the smallest hyperspectral imager, the Reaktor Hello
World, a 2U CubeSat with 100 bands (900-1400 nm) and 22 m spatial resolution designed for
agricultural applications (Reaktor Space Lab, 2019).
With higher ambitions, the company SatRevolution aims to launch a Real-Time Earth
Observation Constellation (REC), which will consist of 1024 6U CubeSats to be launched until
2026. With 50cm spatial resolution, the satellites will be divided between Type I, with four
bands (RGB and NIR), Type II, with 32 bands and Type III, with 600 bands. Considering the
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number of CubeSats in orbit, the company estimates that the revisit time will reach 30 min
(Satrevolution, 2019), an unprecedented high temporal resolution. The company, which
operates in the USA and Poland, has the European Union as an investor.
As China’s government invests in the space industry, its companies are also developing
new constellations, such as the ADA Space and the ZeroG Lab companies, which are
developing constellations capable of having minute-level Earth coverage (Nanosats, 2019). Ma
et al. (2019), argued that the recent rapid development of China’s commercial satellites might
increase the cooperation among Belt and Road Countries (One Belt and One Road Initiative –
OBOR – a development strategy proposed by Chinese Government that focuses on connectivity
and cooperation between Eurasian countries) through aerospace infrastructure, industrial
alliance, service provision, among others. Xuan (2019) argued that in the next ten years the
micro- and nanosatellite Chinese industry will reach 38.7 billion Chinese yuan (around 5.39
billion dollars), with the prediction of 1382 micro- and nanosatellites in orbit.
Nevertheless, Planet, from the USA, is the company that has been leading the development
of CubeSats. The Company has launched more than 280 CubeSats since 2013 and nowadays
operates more than 120 PlanetScopes (a constellation of 3U CubeSats), with nadir-viewing
sensors, 3.7 m spatial resolution, 04 spectral bands: blue (455-515 nm), green (500-590 nm),
red (590-670 nm), near-infrared (780-860 nm) and radiometric resolution of 14 bytes (Planet
Team, 2017). The high number of satellites in orbit offers daily Earth coverage (Planet Team,
2017; McCabe et al., 2017b). Planet satellites cross the equator between 9:30 and 11:30 am
(Planet Team, 2017) in orbit 475 km high and with a swath width of 24.6 resulting in tiles of
24.6 to 16.4 km (Planet Team, 2017). Table 1 shows the main commercial missions in orbit or
planned.
Table 1. Commercial CubeSats Constellations.
Organization

Launched / Planned

Form

First Launch

Country

Planet Labs
Astro Digital
Karten Space
Aistech Space
Reaktor Space
SatRevolution
ADA Space
ZeroG Lab
Hera Systems
Tekever

355 - 150
jun/25
0 - 14
25 - 150
jan/36
1 - 1024
1 - 192
2 - 132
0 - 50
0 - 12

3U
6U
6U
2U
6U
6U
12U
16U

2013
2014
2019
2018
2018
2019
2018
2019
2019
2020

USA
USA
Spanish
Spanish
Finland
USA - Poland
China
China
USA
Portugal

Website
https://www.planet.com/
https://astrodigital.com/
https://kartenspace.com/
https://aistechspace.com/
https://reaktorspace.com/
https://satrevolution.com/
https://www.national-space.com/
https://url.gratis/iDjTW
https://www.herasys.com/
https://www.tekever.com/

Source: Nanosats (2019).

3. SPECIALIZED NANOSATELLITES PROPOSALS
This section presents studies showing the availability of new nanosatellites or CubeSats
designed to meet specific applications, such as natural-disaster and water-resource monitoring.
This section also reviews proposal missions published in academic journals. The new proposed
nanosatellite missions are mainly focused on monitoring natural disasters and providing key
information for efficient mitigation and restoration efforts, and for insurance companies, since
those applications depend on continuous information at high spatial resolution. During natural
disasters, fast, continuous and real-time observations are necessary. In this sense, nanosatellites
and CubeSats constellations are very effective due to the high frequency of image acquisition
(Santilli et al., 2018).
In this sense, Santilli et al. (2018) proposed a nanosatellite constellation for monitoring
natural disasters in remote areas of Brazil, such as the Amazon region. The author simulated a
nadir imaging nanosatellite constellation, 500 km high with a 3 m to 10 m spatial resolution
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and a revisit time of a few hours. The satellites would be in different orbits (different
illumination conditions for each satellite) implying the need for a pre-processing phase to
correct this effect. Furthermore, to increase the revisit time the satellites would carry flexible
payloads, providing images off-nadir (Santilli et al., 2018), a condition that might increase glint
effect (superficial water reflection of radiometric energy) decreasing the suitability of
applications in aquatic environments (Overstreet and Legleiter, 2016). The high temporal
resolution will be useful for increasing the number of cloud-free images in the Amazon region
(Martins et al., 2018). However, the high number of images and the need for a pre-processing
method to cope with the variable viewing and illumination geometry represent a main
computational and processing challenge for the provision of real-time information, an essential
condition for a fast response to natural disasters. In this sense, recent studies have been focused
on new processing methodologies for improving computational performance (Zhang et al.,
2018b; Shendryk et al., 2019).
Another constellation for monitoring natural disasters was proposed in Africa and Asia
focusing on desertification, forest fires, inundation and locust infestation. The Cubesat has been
designed with four 6U nanosatellites (Kameche et al., 2019). These satellites would carry an
optical sensor with three spectral bands (green, red and near-infrared) with a revisit time of 72
hours.
To monitor water level and quality, African countries have proposed the SWEET (Sweet
Water Earth Education Technologies). The mission goal is to provide information on
cyanobacterial blooms in order to guarantee drinking water for human consumption (Antonini
et al., 2017). The constellation was designed with four nanosatellites (2U) carrying
hyperspectral sensors with spectral resolution ranging between 10 to 30 nm in the 500 to 900
nm range. The spatial resolution is proposed to be 250 m, enough for capturing 62 African lakes
with a 10x10 pixel size (lakes with at least 1370 × 1370 m) with a revisit time of 2.5 days
(Antonini et al., 2017). Once successful in Africa, the SWEET constellation would be then
expanded globally (Antonini et al., 2017).

4. EXPERIMENTAL NANOSATELLITE ANALYSIS
This section describes the first image analysis from experimental nanosatellites launched
from universities and private companies. These studies are important since they test new
payloads and technological innovations that might be implemented in future nanosatellite
constellations. Chinese universities have been investing in nanosatellites for supplying the
growing space demand in science and industry. Wu et al. (2017) described the first Chinesedesigned and implemented CubeSat, a 3U called STU-2A developed to monitor the impact of
climate change on glacier dynamics and reduction. The satellite sensor has visible bands with
94 m spatial resolution and an inclination of 97.3º. The sensor was calibrated and validated with
MODIS data. Since the STU-2A was specifically designed for polar regions, the camera
performed better than MODIS, which in high latitudes is subject to low solar angle and
oversaturation.
Another Chinese nanosatellite, a 6U called Luojia 1-01, was developed to capture
nighttime light imagery. The Luojia 1-01 has a spatial resolution of 100 m and its sensor is
composed of 2048 × 2048 detectors to capture the weak nighttime light (Zhang et al., 2018a).
This kind of information is useful to track anthropogenic activity and its economic impacts
(Huang et al., 2016; Pandey et al., 2013). Luojia 1-01 information has been applied to
investigate artificial light pollution (Jiang et al., 2018), urban extend (Li et al., 2018), providing
parameters for socio-economic modeling (Zhang et al., 2019), estimation of urban-housing
prices (Li et al., 2019a), weak nighttime illumination from small communities and cities (Li et
al., 2019b), among others. The Luojia 1-01 is a prototype for a future nanosatellite constellation.
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In Germany, Barschke et al. (2017) described a nanosatellite called TUBIN (Technische
Universität Berlin Infrared Nanosatellite), which was developed based on the nanosatellite
TUBiX20 platform. The satellite was designed to validate an infrared microbolometer for
wildfire remote sensing. The TUBIN payload is composed of a thermal infrared
microbolometer array (TIR) and a visible camera.
As described, nanosatellite lower-cost production is allowing developing countries to
invest in space missions. Mhangara et al. (2020) studied the image quality of the nSight-1
nanosatellite developed by a South African company and launched as part of the European
Commission-funded international QB50 constellation. One of the three payloads is a Gecko
imager with a swath width of 64km, 30m spatial resolution, and visible bands. The nSight-1
satellite captures images only in pre-programmed target areas, thus improving the revisit time
in those areas (Mhangara et al., 2020). These imagery analyses of nanosatellite prototypes are
important to identify areas for improvement and are a requirement before launching definitive
nanosatellite constellations.

5. NANOSATELLITE
SENSING

APPLICATIONS

FOR

EARTH

REMOTE

Most of the literature on nanosatellite remote sensing refers to the application of
PlanetScope and Doves images, from Planet Labs, which is the first and unique operational and
private nanosatellite constellation providing data regularly. Through exhaustive investigation,
we identified 63 articles published in international remote-sensing journals from 2016 to March
2020 using PlanetScope or Doves constellation. Most of the papers are related to vegetation,
followed by natural disasters (oil split, landslides, earthquakes, volcano monitoring, extreme
weather and fire), oceanography and inland waters. Despite the smaller number of articles in
Africa, from Figure 1 it is possible to observe the great spatial distribution of PlanetScope and
Doves studies in the world and the rapid increase in the number of articles from 2016 to 2020
(bar graph below the image). Articles regarding different subjects, such as topography
estimation, land cover, geology and carbon mapping were classified as “others”. From the
review, some articles were selected to discuss and understand the implementation of
nanosatellite technology to real world remote-sensing products.

Figure 1. Study locations of articles that used PlanetScope or Doves constellations. The
below pie graph chart shows the percentage of studies in each category and the bar graph
shows the number of published articles in each year.
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The application of CubeSats is promising in vegetation, especially for precision agriculture
and environmental monitoring. These high-detail and frequent images might be used to identify
spatial variability between and within fields to support water and nutrient management at the
farm scale (Aragon et al., 2018). In this sense, different methodologies have been proposed to
retrieve CubeSat information for crop monitoring. Even though vegetation targets have higher
reflectance in various bands in relation to water bodies, the retrieval of accurate information
requires high-quality sensors to provide accurate results.
Houborg and McCabe (2016), for instance, developed a fusion methodology for computing
NDVI (Normalized Difference Vegetation Index) using Doves RGB and Landsat 8 images.
This methodology was proposed to overcome the lack of Dove’s near-infrared band, by
applying a cubic regression relating Landsat 8 NDVI Doves red and green radiance
measurements. The method consisted of resampling all the images to 30 m resolution, and
computing the Green-Red Vegetation Index (GRVI), which was then used with the higher
radiometric resolution image in a regression model to compute the NDVI. Finally, the NDVI
was resampled to 3.5 m with both high-spatial and radiometric resolution, ideal to track
agricultural biomass. NDVI Doves and the NDVI Landsat validation resulted in r2 = 0.99 and
MAD = 9%. The main limitation of the proposed method comes from the fact that Landsat and
Dove images limits the high temporal resolution provided by CubeSat constellations. The same
method was also applied to compute the Leaf Area Index (LAI), which was then used as an
input to the Priestley Taylor Jet Propulsion Laboratory (PT JPL) evaporation model (McCabe
et al. 2017b; Aragon et al. 2018). Aragon et al. (2018) results (Figure 2) indicated that
PlanetScope ET explained 86% of the observed field variability and RMSE = 32.9% of the
irrigated maize, with a trend of underestimating surface moisture conditions. They were also
able to estimate water consumption, which is valuable information for water management. The
method also permitted the computation of irrigation efficiency at the pivot level.

Figure 2. (a) True-color RGB imagery from Landsat-8 and Planet acquisitions two days apart. (b)
Intercomparison of Landsat-8 NDVI and Planet NDVI computed from RGB imagery using Cubist
regressions generated on the basis of Landsat-8 training data. The two white arrows highlight fields that
have undergone significant change in cover conditions between the two acquisitions.
Source: Modified Houborg and McCabe (2016).

The combination of high-spatial PlanetScope resolution data with small aerial systems also
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has been tested. Liu et al. (2019), for example, have improved even further the already high
resolution of the Planet images fusing PlanetScope with monthly Small Unmanned Aerial
System (sUAS) images to produce daily forage production estimates, with 30 cm spatial
resolution, from 2017 to 2018. To do so, the authors firstly interpolated cloud-free NDVI
PlanetScope images, to have daily information. The results showed a good correlation (R² = 0.8
and RMSE of 542 kg/ha) between the field measurements and forage production.
Shi et al. (2019) have also used vegetation indices to estimate vegetation variables. The
authors used PlanetScope images to assess infected crops with great details using two dates, 21
August and 30 October 2017 (Shi et al., 2019). The authors developed a normalized two-stage
vegetation index (VIs) to characterize temporal developments of the NDVI, SAVI (Soiladjusted vegetation index), RDVI (re-normalized difference vegetation), TVI (Triangular
vegetation index), MSR (Modified Simple Ratio) and SIPI (Structural Independent Pigment
Index) for PlanetScope images. The authors used a VI two-stage as a parameter in the partial
least-square discriminant analysis (PLS-DA). The PLS is a multivariable statistical method
based on the principal components and was used to find a correlation between vegetation
indices variation and disease species. The results showed that the single-stage VI was able to
discriminate between healthy and unhealthy samples, while the two-stage VI was able to
discriminate between different infestations (rice dwarf, rice blast and glume blight diseases).
Rice disease overall classification accuracy was 75.62 % with a Kappa value of 0.47. Therefore,
PlanetScope images were successfully applied for high-spatial resolution monitoring of rice
disease (Shi et al., 2019).
Using a combination of vegetation indices and classifications methods, such as SVM
(Support Vector Machine), CUB (Cubist) and SGB (Stochastic Gradient Boosting) in
PlanetScope images in a region of Rio Grande do Sul state – Brazil, Breunig et al. (2020) were
able to estimate cash-crop yield based on above-ground biomass. The overall accuracies ranged
from 61.20% and 68.25% and the NDVI and EVI vegetation indices were the most important
predictors of cash-crop yield with correlation coefficient ranging from +0.7 for forage turnip
and +0.78 for rye.
As informed, the high temporal resolution promoted by constellations of nanosatellites are
very effective for monitoring natural disasters (Santilli et al., 2018). Furthermore, the high
spatial resolution from Planet satellites might also be applied to monitor events in high detail,
improving field mitigation actions. However, the processing time necessary to compute these
vast amounts of data must be reduced to generate information quickly in an emergency
situation. Park et al. (2019), for example, applied an artificial neural network (ANN) for the
detection of oil slick areas in Kuwait in August 2017, using a methodology to reduce the
processing time. Sunlight wave effects were removed using a median filter previous to the ANN
classification, which provided an overall accuracy of 82.01% with a Kappa coefficient of 72.42.
The daily revisit of PlanetScope proved useful in ocean oil-spill emergencies. Aldeghi et al.
(2019), by the other hand, used the Doves constellation to track volcanic activity in the Fuego
Volcano (Guatemala), one of the most active in the world. The combination of high spatialtemporal resolution allowed the authors to map ash clouds, lava flows and pyroclastic density
currents before, during and after an eruption.
The monitoring of inland water using remote sensing information is difficult. Inland waters
are composed of different optical active components that vary in space (different regions) and
time (seasons). Furthermore, water-leaving radiance is usually low (Jorge et al., 2017), which
impacts the STN, especially in longer wavelengths. These conditions require sensors with high
radiometric quality, a challenge for the cheaper sensors on board the CubeSat.
PlanetScope images are useful to track inundation areas, since this information does not
depend on high radiometric quality. In this sense, Cooley et al. (2017) identified monitoring
inundation patterns in lakes along the Yukon River, North Alaska, using PlanetScope
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information. The images were acquired from June to August 2016 at 3A level – no atmospheric
correction. The authors used the Normalized Difference Water Index (NDWI), which is a rate
between green- and near-infrared bands, for classifying inundation zones. To assess the
accuracy of the inundated area, the authors mapped the lake area using WorldView-2 & 3
images which were then related to the PlanetScope area. The relationship between lake area
provided by WorldView and Planetscope images was high (r2 > 0.99), but the normalized root
mean square (NRMSE) varied between 10.9% and 12.6% due to time difference between two
consecutive image acquisitions. River-lake connectivity was measured by analyzing the
relationship between the main river width (a proxy of discharge) and time changes in the lake
area. As informed, this study did not depend on PlanetScope radiometric quality, since only
spatial properties were measured, such as the lakes area and river width. The same authors
argued that in low-relief environments the temporal variation of a lake’s extent is a good
indicator of river-lake connectivity (the authors selected only lakes with area higher than 10.000
m² to measure the connectivity). However, the variability of the lake’s area depends highly on
its extension and surrounding topography (a large lake requires a higher input of water to
change its superficial area). This potential connectivity bias was not measured. In Figure 3, it
is possible to observe that larger lakes were classified as stable (small variation of water surface
area).

Figure 3. Temporal correlation between Planet time-series and Yukon River discharge.
Source: Modified by Cooley et al. (2017).

Using a similar spatial-analysis methodology, PlanetScope (without atmospheric
correction images) was used to monitor approximately 85,000 lakes in the Arctic Boreal region,
from 1 May to 1 October 2017 (Cooley et al., 2019). Due to geolocation uncertainty (> 10 m),
the authors analyzed the lake area variation within a 60 m buffer around the lake mask. The
authors tracked seasonal changes in the water-surface area for each lake. Since the data included
uncertainties caused by clouds, ice cover, poor classification and low signal-to-noise ratio
(SNR), the authors categorized the lakes as “valid” or “invalid”, according to a manually
validated training data set. Based on the valid data, the authors analyzed minimum and
maximum differences of each lake. This information was then used to classify the valid lakes
according to their rate of change (Km²/Km²) along with the time series. In both papers (Cooley
et al., 2017; 2019), PlanetScope images were crucial to analyze fast hydrologic variations in
small lakes, thanks to its high temporal and spatial resolution. It is important to highlight,
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however, that geolocation uncertainty and radiometric and environmental sources of error
reduced the sample size to a subset of valid lakes.
Another interesting application of PlanetScope images (Kääb et al., 2019) was the use of
time lapses in image acquisition for estimating river water velocity in cold regions. The authors
tracked ice movement using consecutive images by tracking the ice movement through
consecutive PlanetScope images. The time-lapse of the 90s between images made it possible,
according to the authors, to estimate the water speed of the Amur River (Siberia) and the Yukon
River (Alaska), with an accuracy of ±0.01 m/s. The main limitations of PlanetScope in that
application are the lack of cross-track overlaps for the entire Earth, cloud cover, the need for
freeze-up conditions and sun glint (when the sun angle is too low to acquire suitable images).
Despite PlanetScope’s radiometric limitations, their images have been applied for
retrieving water-quality parameters. PlanetScope has been applied to map turbidity in the San
Francisco Bay Area (Vanhellemont et al., 2019). The authors adapted a Dark Spectrum Fitting
(DSF) aerosol correction to the images and neural network to red band for identifying turbidity
classes spanning from clear to moderate. According to the authors, turbidity estimates were
comparable to those of Sentinel-2 /MSI estimates, which supports PlanetScope’s application
for monitoring moderate turbidity <80 NFU (Formazin Nephelometric Units). Maciel et al.
(2020) reported a higher correlation between PlanetScope red Remote Sensing Reflectance (red
Rrs) and TSS (Total Suspended Solid), TSI (Total Suspended Inorganic Solid) and Secchi
Depth with R2 > 0.74 and MAPE < 38% in very turbid lakes of the lower Amazon floodplain.
The use of CubeSats to monitor oceanography faces the same low STN as inland-water
monitoring. However, due to the high-water transparency, most studies are focused on
methodologies for mapping the depth and underwater characteristics of the seabed in relatively
shallow waters. Poursanidis et al. (2019) used PlanetScope images to estimate coastal
bathymetry in a region of the island of Crete (Greece), using images on level 3B - orthorectified
and atmospherically corrected. The authors used an empirical method based on the relationship
between field bathymetry data (9954 points) and radiometric information from the blue, red and
green PlanetScope bands to calibrate and validate an empirical model. According to the authors,
estimates of Root Mean Square Error (RMSE) of 0.32 m were observed for depths between 0
and 10 m, while in depths between 10 and 25 m, the RMSE was 1.58 m. These errors fit the
requirements established by the International Hydrographic Organization at the Category Zone
of Confidence, allowing the inclusion of those bathymetric charts in navigation maps. However,
the authors used a single image to calibrate the empirical model, restricting the study area to a
small portion of coastal Crete. Due to differences in PlanetScope sensors, the calibration of a
model in a larger area (comprising more than one image) would increase result uncertainties.
To monitor the underwater seabed, some studies have applied classification algorithms.
Wicaksono and Lazuardi (2018), for example, assessed benthic and seagrass species in optically
shallow water using PlanetScope images. The authors pre-processed the images using
atmospheric correction, Minimum Noise Fraction and Linear Spectral Unmixing and mapped
just areas with depth higher than 11.6 m. The fraction images were then classified using
different types of classification algorithms for benthic habitat (Kappa of 0.33) and for seagrass
species areas (Kappa 0.53). The authors argued that the low PlanetScope STN ratio, especially
in the ocean, and the similarities among the classes outperformed the classification. However,
although the recognized challenge of obtaining information from underwater, the sample
collection to validate and calibrate the algorithms was not well-distributed along the study area
(calibration and validation sample points were too close to some specific spots of the study
area). In this sense, the methodology might artificially decrease the spatial variability and thus
super estimate the statistical accuracy coefficients.
A similar study was carried out at An Chan Coastal Waters (Vietnam) where PlanetScope
(level 1B) was applied for seagrass mapping (Hang et al., 2019). The authors first correct all
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bands for bottom effects using the Bottom Reflectance Index algorithm (BRI), and then the
corrected images were classified using the Maximum Likelihood. The results showed an overall
and Kappa coefficient of 92.52% and 0.8957, respectively. For estimating seagrass biomass,
both linear and multiple regression models were tested using 56 biomass samples and BRI
measured in concurrently acquired PlanetScope bands. The BRI Red band performed better,
with R² = 0.9707 and RMSE = ± 109.21 g/m².
In the same way, Asner et al. (2017) used classification methodologies to assess coral reefs
in the South China Sea (China, Vietnam, Malaysia, and the Philippines) using Doves images
(RGB bands) from the Planet Company. The authors used different types of classification
algorithms, with the best result provided by an unsupervised algorithm (ISODATA) with 92%
overall accuracy using three classes: observable deep reef (> 10 m depth), shallow reef and
sand. Although Doves images have not allowed distinguishing between seagrass and shallow
reefs, the images permitted the observation that occupied atolls had smaller reef proportions
than those unoccupied. The use of Doves image in this study was crucial to monitor the reefs,
as Landsat images were all cloudy during the period. Furthermore, the Doves high-spatial
resolution images (3.7 m) allowed the assessment of details in coral reefs, which would be
impossible to monitor using traditional satellites (Asner et al., 2017). Figure 4 shows the
products generated by PlanetScope images.

Figure 4. (A) Planet Dove natural color composition image in Pulau Layang Layang.
(B) Location of in‐water survey transects (yellow lines and blue arrows) and
observation points (red) used for classification assessment. (C) Fourteen class results
from ISODATA analysis. (D) Recombination. Source: Modified by Asner et al. (2017).

Although most of the CubeSats applications are focused on vegetation, followed by natural
disasters, oceanography and water resources, there is a range of other possible applications.
Ghuffar (2018), for example, constructed a Digital Elevation Model (DEM) using two
PlanetScope images of the Khurdopin glacier (Pakistan) using multi-view stereo matching
algorithms with two sequential minute difference PlanetScope images. The results showed an
Absolute Deviation (NMAD) of 4.1 m between Planet DEM and Lidar reference. According to
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the authors, the method is useful for monitoring disasters such as avalanches and landslides
thanks to the daily PlanetScope coverage.

6. LIMITATIONS
The nanosatellites’ low-cost advantage comes with some limitations. The sensors onboard
nanosatellites and Cubesats have some important constraints, caused by their low satellite
component price and short development time. PlanetScope sensors have a low radiometric
resolution (low sensibility to earth reflective energy), challenging applications that demand
high signal sensitivity, such as ocean color and water-quality monitoring. The low signal to
noise ratio (SNR) and the high signal instability related to sensor intercalibration within the
satellite constellation also represent serious constraints for applications, which demand accurate
radiometry along with time-series. CubeSat constellations also impose different times of
satellite overpass with the implication in viewing geometry taxing the quality of the radiometric
calibration from sensor to sensor. The narrow spectral range (455-860 nm) and low spectral
resolution also limit its uses in other analyses, such as distinguishing between cloud, snow, ice,
and water. The PlanetSCope sensor also has overlapping and broader spectral bands, which
limits its application (Houborg and McCabe, 2018). Moreover, the lack of the infra-red band in
the DOVE constellation also limits sun-glint removal, reducing its potential for water-related
applications (Asner et al., 2017). The PlanetSCope sensor, despite the presence of a nearinfrared band, can’t be applied for sun-glint correction in clear waters, due to the low nearinfrared band STN (Wicaksono and Lazuardi, 2018). Another limitation (Cooley et al., 2017)
of PlanetScope images are related to the geolocation uncertainty and the lack of an algorithm
for cloud and cloud shadow detection.
The low SNR, combined with its restricted spectral resolution, limits PlanetScope images
to the analyses of water resources that require narrow spectral bands, especially for water
quality parameters (sediment, pollution, chlorophyll a and b). Despite these limitations, Maciel
et al. (2020) and Vanhellemont et al. (2019) found a satisfactory correlation between the red
band and medium to high turbidity water. Maciel et al. (2020) argued that in clear waters, the
PlanetScope images were badly influenced by the low SNR, glint and adjacency effects.
Furthermore, fusion methodologies used in vegetation papers to correct PlanetScope
radiometric resolution, as made by Houborg and McCabe (2016) and Wicaksono and Lazuardi
(2018), might possibly be applied to study water optical active components, such as
chlorophyll-a, phycocyanin or colored dissolved organic matter (CDOM).
So far, vegetation studies using CubeSats images, namely PlanetScope and Doves from
the Planet company, have used fusion techniques to improve their radiometric and even spatial
resolution (with other satellite or Unmanned Aerial System images). These methodologies
might be transferred for use in other challenging areas, such as water resources, as mentioned
previously. However, Shi et al. (2019) successfully used PlanetScope images, from two dates,
to identify crop diseases, a complex detection approach.

7. FINAL CONSIDERATIONS
The daily high spatial Earth coverage, promoted by PlanetScope constellation, illustrates
how the space industry is evolving. The amount of spatial data is increasing at a rapid pace, as
observed and illustrated by the future planned commercial constellations, and will require new
ways of computing, processing and storing data. This data will increase monitoring on a global
scale, which might help study complex natural processes and protect fragile environments.
So far, all the CubeSat remote-sensing scientific applications used Planet company
constellations (Doves and PlanetScope). This shows that the private sector is leading the
development of nanosatellites for Earth observation. That was possibly due to the CubeSat’s
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shorter development and production cycle. However, the PlanetScope and Doves image costs
restrict their use, especially in long historic-analysis research. In this sense, and due to better
sensor quality, open-source data provided by national agencies’ satellites will continue to be
popular among users. A decade ago, Sandau (2010) argued that CubeSats and nanosatellites
were still viewed as complementary to large satellites rather than competitive standalone
missions. However, as the CubeSat technology advances, the trend is to use their images to
replace bigger ones. One example is the Brazilian government's attempt to use Planet images
to track Amazon deforestation, a service already done by the National Institute for Space
Research (INPE), that uses the China-Brazil Earth Resources Satellite (CBERS-4) and AWiFS,
an Indian remote-sensing satellite.
Despite the expansion of remote sensing areas monitored by CubeSats, there are still sensor
quality challenges to overcome before the scientific community can prescind traditional large
satellites. For example, in the PlanetScope constellation, the main limiting factors are related to
its variability of sensors calibration, low radiometric quality and sunglint effect. By mitigating
these constraints, PlanetScope and other planned constellations, with their high-spatial and
temporal resolution, might expand remote-sensing applications.
The CubeSat and Nanosatellites’ lower cost is allowing interested sectors to propose huge
commercial constellations and specialized satellites to correspond to specific demands. Private
companies are planning constellations that might reach minute-level revisit time. Adding to the
remote-sensing field, communication CubeSats are filling up space, like the Project Kuiper,
which aims to launch 3,236 internet-connectivity CubeSats. All of these proposed releases raise
a space satellite crowd issue, as potential collisions between satellites increase, which would
generate enormous amounts of space debris and hit other satellites, in a cascade effect.
CubeSats and Nanosatellites opened an era of space democratization that is leading to fast
development in their design, microsystem and electronic components, at the same time that
launch failures are reduced. This rapid progress, associated with the already spatial and
temporal advantages, permitted these satellites to become more popular over the years. The
large satellite-era is being replaced by an era of smaller and nimbler satellites.
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ABSTRACT
The public water supply of the Rio de Janeiro metropolitan region is highly dependent on
transposition from the Paraíba do Sul River: 70% of the water is diverted to the Piraí River and
then passes through a series of other rivers and reservoirs, finally discharging in the Guandu
River. During this path, the water is exposed to many sources of pollution. This makes the
quality of the raw water that reaches the Guandu Treatment Station (WTS) highly vulnerable.
This article reports the analysis of the cytogenotoxic potential of water samples collected at
four different points along the Piraí River downstream from the transposition point, utilizing
the Allium cepa test system. The samples were collected in two periods, the dry and wet seasons.
The water at all four collection points presented some level of cytogenotoxicity, with the
presence in the test cells of large nucleoli, multiple nucleoli, nuclear buds, lagging
chromosomes, sticky chromosomes, karyorrhexis, cytoplasmic shrinkage and changes of the
mitotic index. The samples collected during the dry season had a larger number of cells with
alterations, indicating that the cytogenotoxic potential varies in function of the time of year,
depending on the volume of contaminated effluents. The results obtained along with data from
the Rio de Janeiro State Environmental Institute (INEA) for the same period reveal the
importance of monitoring along with proper sanitation and sewage treatment, and that the
presence of pollutants not only hampers water treatment, but also poses risks to organisms at
different trophic levels, including humans.
Keywords: bioindicator, cytogenotoxicity, water quality.

Avaliação do potencial citotóxico e genotóxico de águas da Bacia do rio
Paraíba do Sul-RJ através do sistema teste Allium cepa
RESUMO
O abastecimento público da região metropolitana do Rio de Janeiro é bastante dependente
da transposição do rio Paraíba do Sul: 70% de suas águas são desviadas para o rio Piraí e através
de uma série de reservatórios, descarregadas no rio Guandu. Neste trajeto ocorre a exposição a
diversas fontes de poluição, o que coloca a qualidade da “água bruta” da Estação de Tratamento
de Águas do Guandu (ETA) sob grande vulnerabilidade. O intuito do trabalho foi analisar o
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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potencial citogenotóxico de águas coletadas em quatro diferentes pontos do rio Piraí, a jusante
da transposição, utilizando o sistema teste de Allium cepa. As coletas foram realizadas em duas
épocas distintas, uma no período de estiagem e outra no período chuvoso. Todos os pontos
estudados apresentaram algum nível de citogenotoxicidade, com a presença de nucléolos
grandes, nucléolos múltiplos, brotos nucleares, cromossomos em atraso, aderência
cromossômica, células com cariorréxe, retrações citoplasmáticas e alterações no índice
mitótico. As amostras coletadas durante a estação seca apresentaram um número maior de
alterações indicando que o potencial citogenotóxico varia em função do tempo, dependendo do
aumento da emissão de efluentes contaminados. Os resultados obtidos aliados aos dados do
Instituto Estadual do Ambiente (INEA) no mesmo período, ressaltam a importância de serviços
de monitoramento, saneamento, tratamento de esgoto e que a presença de poluentes não só
inviabiliza a tratabilidade da água, mas traz riscos reais aos organismos de diferentes níveis
tróficos, incluindo o homem.
Palavras-chave: bioindicador, citogenotoxicidade, qualidade da água.

1. INTRODUCTION
The Paraíba do Sul River originates in the state of São Paulo with the confluence of the
Paraibuna and Paraitinga Rivers, passes through the entire Paraíba Valley and traverses the state
of Rio de Janeiro before emptying into the Atlantic Ocean in the municipality of São João da
Barra, flowing for more than 1,100 Km (Marengo and Alves, 2005).
Although most of the water consumed in the Rio de Janeiro metropolitan region comes
from the Guandu River, much of that volume originates from the Paraíba do Sul River, through
transposition, first into the Santa Cecília Reservoir in the municipality of Barra do Piraí (RJ),
where there is a pumping station that diverts the water to the Piraí River. In this region alone,
the Paraíba do Sul River contributes to the supply of some 9 million people (CBH Guandu,
2015; Demanboro, 2015).
The river is currently in a critical ecological state, due to the discharge of untreated
domestic and industrial effluents along with agricultural waste (Oliveira et al., 2011). Since the
state of Rio de Janeiro is the downstream user of the water from the Paraíba do Sul River, it is
completely vulnerable to pollution and interferences caused by upstream users, in addition to
the effects of human activities that occur in the state itself (INEA, 2010).
The presence of pollutants can prevent the development of many organisms, compromising
the food chain, besides affecting the health of the population, since industrial, domestic and
agricultural wastes contain compounds that variously have mutagenic, cytotoxic and/or
genotoxic potential that are often not eliminated during the treatment process (Nielsen and
Rank, 1994; Oliveira et al., 2011; Kasper et al., 2018).
Therefore, the objective of this study was to analyze the water from the Paraíba do Sul
River regarding the presence of pollutants with cytogenotoxic potential, using the Allium cepa
test system as a bioindicator.

2. MATERIALS AND METHODS
2.1. Collection sites
Water samples were collected at four points of the Piraí River, downstream from the
transposition of the Paraíba do Sul River, which occurs in the municipality of Barra do Piraí.
The points were chosen randomly, with distance of approximately 2 Km apart, at the following
coordinates: Point A (22°35'05.7” S 43°50'12.4” W); Point B (22°33'49.8" S 43°49'24.5" W);
Point C (22°33'06.3" S 43°49'05.0" W); and Point D (22°32'14.9" S 43°48'59.6" W)
Rev. Ambient. Água vol. 15 n. 3, e2521 - Taubaté 2020
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(Figure 1). The collections were performed in the dry season (July 2017) and rainy season
(March 2018).

Figure 1. Collection sites. A – Main elements of the system for transposition of the Paraíba
do Sul River to the Piraí, Ribeirão das Lajes and Guandu Rivers. Source: Adapted from
CBH Guandu (2015). B – Geographic location of the collection points in Piraí River after
transposition of Paraíba do Sul River at the Santa Cecília Reservoir in the state of Rio de
Janeiro.

2.2. Samples collection
Samples from each site were collected in a 10 L bucket and transferred to polyethylene
flasks (1 L) that were properly identified and kept in coolers with ice for transport to the
laboratory, where they were kept at -20ºC for further genotoxicity and cytotoxicity analysis.
2.3. Cytotoxicity and genotoxicity
Commercially acquired organic cultured onion bulbs approximately 2.0 cm in diameter
were used in the test. A stylet was used to remove the external cataphyll from each bulb without
damaging the root buds. Five bulbs were used for water samples from each point, as well as
positive and negative controls. Initially, the bulbs were placed in a container with distilled water
for 48 hours, with daily water exchanges. The bulbs were then transferred to tubes containing
water samples collected at the sites previously mentioned, where they remained for 48 hours.
The bulbs used as negative controls were kept in distilled water and the positive ones were
placed in an ethyl methane sulfonate (EMS, 25 mM) solution. The test and the control bulbs
were incubated at 25ºC with daily water exchanges. For each treatment, root tips, between 2
and 2.5 cm in length, were removed from the bulbs after 48 hours of exposure to the respective
solutions and used to prepare slides according to the method described by de Castro and Sousa
et al. (2017), with some modifications. Five root tips were removed from each bulb and fixed
in an ethanol: glacial acetic acid solution at 3:1 (V/V) and stored at 4ºC until the moment of
preparing the slides. Five slides were prepared for each bulb, using five different root tips (one
slide for each). The root tips were washed with distilled water twice for 5 minutes, hydrolyzed
in HCl 5N for 30 min, washed again twice in distilled water for 5 minutes and then placed on
the slides with tweezers. The subapical meristems were fragmented with a scalpel, stained with
2% acetic orcein, and covered with a coverslip.
All slides were coded and evaluated under an Olympus BX binocular optical microscope
with 100X magnification. The parameters used to determine the genotoxic and cytotoxic
potential of the samples were the presence of chromosome and cell alterations as well as
changes in the mitotic index. A total of 1,000 cells were analyzed per bulb, or 5,000 cells for
Rev. Ambient. Água vol. 15 n. 3, e2521 - Taubaté 2020
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each group. With the exception of the mitotic index, expressed as a percent, the results are
expressed in absolute terms. The most frequent anomalies are shown in the micrographs.
2.4. Statistical design
The data were analyzed by the Chi-square (2) test with probability 0.05, using Yates
correction, employing the Bioestat. 5.0 program.

3. RESULTS AND DISCUSSION
The public water supply of the Rio de Janeiro metropolitan region relies heavily on
transposition of water from the Paraíba do Sul River, which occurs at the Santa Cecília
Reservoir in Barra do Piraí. Through this transposition, 70% of the water from the Paraíba do
Sul River is diverted to the Piraí River, and then through a series of other reservoirs until finally
being discharged into the Guandu River. The resulting total volume from these rivers enables
supplying more than 80% of the water in the Rio de Janeiro metropolitan region, serving some
9 million people (CBH Guandu, 2015; Demanboro, 2015). During its flow through the basins
of the Paraíba do Sul, Piraí and Ribeirão das Lajes/Guandu Rivers, the raw water that supplies
the Guandu Water Treatment Station (WTS) is exposed to many sources of pollution, including
untreated domestic and industrial (including mining) wastes, agricultural runoff, leaching from
landfills and trash dumps, and runoff from highways and railways, besides potential
environmental accidents. This makes the raw water quality of the Guandu WTS highly
vulnerable (CBH Guandu, 2015).
The water samples analyzed in this study were collected at four points along a stretch of
the Piraí River located in Barra do Piraí, downstream from the transposition point of the Paraíba
do Sul River. The samples from all these points presented some level of cytogenotoxicity, with
observation of the presence of cells with large nucleoli, multiple nucleoli, nuclear buds, lagging
chromosomes, sticky chromosomes, karyorrhexis and cytoplasmic shrinkage (Figure 2; Tables
1 and 2).

Figure 2. Allium cepa meristematic cells exposed to ethyl methane sulfonate
(EMS) and water samples collected at different sites. (a-i); (a) normal cells;
(b) large nucleoli; (c) nuclear bud (arrow); (d) karyorrhexis (arrow); (e)
lagging chromosomes (arrows); (f) sticky chromosomes (arrows); (g) large
nucleoli and nuclear bud (arrow); (h) cytoplasmic shrinkage (arrow); (I)
multiple nucleoli.
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Table 1. Cells changes and mitotic index in A. cepa roots submitted to different treatments during
the dry season.
Treat.
NC
EMS
PA
PB
PC
PD

Conc.
dH2O
25 mM

LN
(f)

836
3370(a)
1849(b)
1638(d)
1733(c)
1495(e)

NB

LNB

(d)

KLN

(e)

33
129(a)
106(a,b)
76(c)
124(a)
90(b,c)

9
227(a)
22(c,d)
13(d,e)
34(c)
66(b)

K

(b,d)

23
0(e)
15(b,c)
9(c)
32(a,d)
39(a)

(d)

8
27(a,b)
18(b,c)
33(a)
37(a)
27(a,c)

SC

LC

CK

(c)

(e)

(c)

2
55(a)
10(b)
10(b)
4(b,c)
3(b,c)

1
15(a)
2(c,d,e)
6(b,e)
3(b,e)
10(a,b)

0
9(b)
0(c)
4(b,c)
0(c)
34(a)

MI (%)
4.56(b)
2.78(c)
5.75(a)
4.64(b)
6.2(a)
4.42(b)

(a), (b), (c), (d) (e) and (f) different letters in the same column differ from each other (P<0.05)
according to the 2 test; Treat – treatment; NC – negative control; EMS – positive control; PA –
point A; PB – point B; PC – point C; PD – point D; dH2O – distilled water; LN – one or more large
nucleoli; NB – nuclear bud; LNB - large nucleoli and nuclear bud; KLN - karyorrhexis and large
nucleoli; K - karyorrhexis; SC - sticky chromosomes; LC - lagging chromosome; CK – cytoplasmic
shrinkage; MI – mitotic index. 5000 cells for each treatment were analyzed.
Table 2. Cells changes and mitotic index in A. cepa roots submitted to
different treatments during the rainy season.
Treat.
NC
EMS
PA
PB
PC
PD

Conc.
dH2O
25 mM

LN
(b)

2136
3649(a)
2775(c)
2425(d)
2641(e)
2142(b)

LNB

KLN

(b)

(b)

58
66(a,b)
82(a)
50(a,b)
58(a,b)
24(c)

63
4(c)
25(d)
155(a)
54(b)
56(b)

K
(b)

83
6(c)
140(a)
89(b)
23(d)
83(b)

MN

MI (%)

(b)

2.94(d)
1.98(e)
6.9(a)
6.14(a,b)
5.22(c)
5.86(b,c)

82
124(a)
79(b)
30(c)
112(a)
11(e)

(a), (b), (c), (d) and (e) different letters in the same column differ from each
other (P<0.05) according to the 2 test; Treat – treatment; NC – negative
control; EMS – positive control; PA – point A; PB – point B; PC – point C;
PD – point D; dH2O – distilled water; LN – one or more large nucleoli; LNB
- large nucleoli and nuclear bud; KLN - karyorrhexis and large nucleoli; K
- karyorrhexis; MN – multiple nucleoli; MI – mitotic index. 5000 cells for
each treatment were analyzed.

The genotoxic activity was detected by observation of chromosome changes that resulted
in anomalies such as formation of buds, lagging chromosomes, sticky chromosomes, large
nucleoli and multiple nucleoli (Fiskejö, 1985; Ventura-Camargo et al., 2011).
The presence of large nucleoli (Figure 2B and 2G) is one of the main characteristics of the
positive control used in this study. According to Kalinina et al. (2018), plant and animal cells,
when subjected to stressful conditions, can develop functional and morphological alterations in
the nucleoli. Butorina and Kalaev (2000) reported that the nucleolar activity is the most
sensitive parameter to analyze in studies of cytogenotoxicity, with the characteristics most often
observed being increased number and size of nucleoli per nucleus.
Analysis of alterations of the size and shape of nucleoli of animal cells is used as an
auxiliary tool to distinguish between benign and malignant cells, where the presence of
hypertrophied nucleoli with irregular shapes is considered to indicate malignancy (Mäkinen et
al., 1993; Krüger et al., 2000; Montanaro et al., 2008). In plant cells, similar studies have found
a relation between the variation in size and shape of nucleoli and the action of genotoxic agents
(Arkhipchuk et al., 2000; Ventura-Camargo et al., 2011).
In this study, the water samples collected at all points except point D in the rainy season
caused a significant increase in the number of cells with large nucleoli in relation to the negative
control, indicating the presence of agents with genotoxic potential.
The water samples collected at all points during the rainy season also induced variations
Rev. Ambient. Água vol. 15 n. 3, e2521 - Taubaté 2020
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in the number of nucleoli per nucleus (Figure 2I). The interphase nuclei of Allium cepa cells
normally each contain two nucleoli, which in some cases can fuse to form a single nucleolus
(Lima et al., 2019). The water sample collected at point C induced an increase in the number
of nucleoli per nucleus compared to the negative control, while the water samples collected at
the other points induced a decrease in the number of nucleoli per nucleus compared to the
negative control.
The appearance of multiple nucleoli has been related to the presence of components with
genotoxic potential (Imazawa et al., 1995; Lima et al., 2019). Popp and Wachtler (1983)
suggested that metabolically inactive cells tend to have fragmented nucleoli, while
metabolically active cells tend to have fused nucleoli. Of particular note is that the water
samples that led to a reduction in the number of nucleoli compared to the negative control also
presented the highest cell division indices (Table 2).
Other genotoxic effects detected in the cells resulting from the samples were the presence
of nuclear buds, sticky chromosomes and lagging chromosomes. The samples from all the
points during the dry season and from point A in the rainy season caused a significant increase
in the number of nuclear buds (Figure 2C and 2G) compared to the negative control. Nuclear
budding is a biomarker of genotoxic events and genome instability. According to Fenech
(2006), the buds provide an estimate of the genetic amplification. This theory posits that
amplified DNA is selectively concentrated at a peripheral point of the nucleus for expulsion
through formation of a bud, which is subsequently detached from the nucleus, leading to the
formation of a micronucleus (Fenech, 2006). Lindberg et al. (2007) expanded the theory to
include, besides amplified DNA, interstitial fragments, chromosome rearrangement products
and anaphase lagging chromosomes as participants in the formation of buds.
Lagging chromosomes (Figure 2G) were observed in the cells submitted to the water from
point D during the dry season. The occurrence of this type of alteration suggests the presence
of pollutants with aneugenic effects, which act negatively on mitotic fusion, preventing one or
more chromosomes from associating with the fibers of the mitotic spindle during anaphase.
Those interferences might have been caused by alterations of the microtubules, deformations
in the spindle structure or failure of the chromosomes to move toward the poles (Liman et al.,
2019).
Another alteration detected during the dry season was the presence of sticky chromosomes
(Figure 2 F-G), observed in the cells treated with water from points A and B. Many molecular
mechanisms can lead to the phenotype with sticky chromosomes (Liu et al., 2018). Mechanisms
that lead to inactivation of the mitotic spindle inhibit the migration of chromosomes to the cell
poles, so they tend to condense and adhere to each other, generating sticky chromosomes
(Ventura-Camargo et al., 2011). According to Yadav et al. (2019), this adherence can occur
due to an increase of the chromosome contraction and condensation or due to depolymerization
of DNA and partial dissolution of nucleoproteins, while the results reported by Pizzaia et al.
(2019) indicate that the presence of adherence is associated with multiple DNA fragmentation
and alterations of microtubules. Irrespective of the mechanism, this change is a sign of the
genotoxic effect of an agent, which can induce irreversible cell damage, including death
(Ventura-Camargo et al., 2011).
Besides the genotoxic effects, we also detected cytotoxicity in the analysis of the samples
collected in both seasons. We observed cells with characteristics similar to karyorrhexis
(Figure 2D) in the dry and wet seasons, and cells with cytoplasmic shrinkage (Figure 2H) in the
dry season. Alterations like karyorrhexis and cytoplasmic shrinkage are indicators of cells in
the death process (Bhagyanathan and Thoppil, 2016; Vijayarathna et al., 2017; Adeyemi and
Awoniran, 2019).
Karyorrhexis is a nuclear alteration found in animal cells, characterized by an irregular
distribution of chromatin. It can be found in cells that are in the death process by necrosis or
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apoptosis (Tolbert et al., 1992; Thomas et al., 2009). We observed the presence of cells with
nuclear changes similar to karyorrhexis, as also reported in another study by our group with
meristematic cells of A. cepa (Lima et al., 2016).
The presence of cytoplasmic shrinkage has been reported by other authors investigating
meristematic cells of A. cepa roots submitted to treatment with plant extracts. (Bhagyanatham
and Thoppil, 2016; Prajitha and Thoppil, 2017). In these works, the authors reported the
presence of shrinkage as one of the cytoplasmic changes associated with apoptosis.
We also assessed the cytotoxic potential of the water samples by measuring the mitotic
index. The samples from all collection points in the rainy season and from points A and C in
the dry season induced a significant increase in the mitotic index in comparison with the
negative control. An increase of the mitotic index indicates the occurrence of increased cell
division, causing uncontrolled proliferation, induced by components present in the samples
analyzed. This effect is harmful to cells, since uncontrolled proliferation is the starting point for
the later formation of tumors (Hoshina, 2002; Caritá and Marin-Morales, 2008).
The roots submitted to the water samples collected in the dry season presented a higher
number of cytotoxic and genotoxic alterations, indicating that the cytogenotoxic potential of
the pollutants in the water varies in function of the season of the year, due to an increase in
contaminated effluents. Similar results were obtained by other authors (Caritá and MarinMorales, 2008; Oliveira et al., 2011; Gomes et al., 2015).
Therefore, the analyses reported here indicate the presence of pollutants with cytotoxic and
genotoxic potential in the water samples collected. These results corroborate the water quality
data published by the Rio de Janeiro State Environmental Institute (INEA) in 2017 and 2018.
The monitoring carried out by the INEA involves variables considered most representative in
relation to water quality, namely dissolved oxygen (DO), biochemical oxygen demand (BOD),
total phosphorus (TP), nitrogen and nitrate (NO3), potential of hydrogen (pH), turbidity (T),
total dissolved solids (TDS), water and air temperature and thermotolerant coliforms. These
data are consolidated in a single value, by calculating a water quality index (in Portuguese,
IQANSF – Water Quality Index by National Sanitation Foundation). The consolidated water
quality bulletins for 2017 and 2018 demonstrated that the water quality at the collection points
located in the municipality of Barra do Piraí (Piraí River and Paraíba do Sul River) varied
between the poor and medium ranges. Poor IQANSF values indicate the water is improper for
conventional treatment for human consumption, making it necessary to apply more advanced
treatment methods (INEA, 2017; 2018).
In this respect, only 60% of sewage is collected in Barra do Piraí, but even it is not treated.
According to the Mid-Paraíba do Sul Basin Committee (CBH-Médio Paraíba do Sul, 2017),
this means approximately 1,229 million m3/year of raw sewage is discharged into the river.

4. CONCLUSIONS
The results obtained in this study demonstrate the presence of pollutants with cytotoxic
and genotoxic effects in the water collected at all sampling points. Hence, there is an urgent
need for further monitoring of sanitation services, in particular treatment of the water for public
supply, since the presence of pollutants, many of which are not amenable to treatment with
conventional methods, poses a high risk to organisms at different trophic levels, including
humans.
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ABSTRACT
The need to investigate viable methods to facilitate correct disposal of high-water content
waste is immediate in the scenario of water source degradation. In this context, Closed
Geotextile Systems (CGS) have shown promise for dewatering a variety of high water-content
sediments, aiming to reduce the waste final volume, encapsulating particles, and at the same
time allowing fluid drainage. Especially in Water Treatment Plants, the geotextiles generally
employed in these systems have good tensile strength and rigidity to support mechanical
solicitations and hydraulic properties that warrant good drainage conditions. In these
applications, the geotextile element should assure the waste confinement and retention of some
particles that will form a filter cake which will control internal flow conditions. The present
work investigated how small portions of sand influence fine-particle retention. The sludge used
consisted of a mixture of filtered water with two well-defined fractions of ground quartz: FG,
a silt and CG, a fine sand. The results show that small amounts of sand are capable of leading
to the formation of a pre-filter, even if the maximum diameter of the fine particles is much less
than the geotextile filtration opening size. The test results indicate that the retention efficiency
gradually increases as CG increases in the solution, up to a fraction of CG close to 14%, which
represents only 0.7% of the total solution mass. The increase in particle retention was directly
proportional to the increase in the GC fraction until reaching the filtration efficiency of
approximately 72% where it stabilizes.
Keywords: environmental protection, filtration, geosynthetics

Influência da adição de areia na retenção inicial do desaguamento de
lodos finos por geotêxtil
RESUMO
A necessidade de investigar métodos para facilitar a correta disposição de resíduos com
alto teor de água faz-se eminente frente ao cenário de degradação dos corpos d’água. Nesse
contexto, o uso de Sistemas Confinante em Geotêxteis (SCG) têm se mostrado promissor no
desaguamento de uma variedade de sedimentos com alto teor de água, objetivando reduzir seu
volume final, encapsulando as partículas e permitindo a drenagem do fluido. Especialmente em
Estações de Tratamento de Água, os geotêxteis empregados nesses sistemas tem boa resistência
à tração e rigidez para suportar solicitações mecânicas; e propriedades hidráulicas que garantem
boa drenagem. Nessas aplicações, o elemento geotêxtil deve garantir o confinamento dos
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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resíduos e a retenção de algumas partículas que formarão a torta de filtro, elemento que
controlará as condições internas de fluxo. O presente trabalho investigou como pequenas
porções de areia influenciam a retenção de partículas finas. A lama utilizado consistiu de uma
mistura de água filtrada com duas frações bem definidas de quartzo moído: FG, um silte e CG,
uma areia fina. Os resultados mostram que pequenas quantidades de areia conseguem iniciar a
formação de pré-filtro, mesmo que o diâmetro máximo das partículas finas seja menor que o
tamanho da abertura de filtração do geotêxtil. Os resultados indicam que a eficiência da
retenção aumenta gradualmente à medida que CG aumenta na solução, até uma fração de CG
próxima a 14%, o que representa apenas 0,7% da solução total. O aumento na retenção de
partículas foi diretamente proporcional ao aumento da fração GC até atingir a eficiência de
filtração de aproximadamente 72%, onde se estabiliza.
Palavras-chave: filtração, geossintéticos, proteção ambiental.

1. INTRODUCTION
Waste management is a challenge experienced worldwide. Among the residues generated
by human activity, high water-content residues represent an additional risk to the quality of
water sources, as they can be easily dumped (Biswas et al., 2006). These wastes originate from
several activities, such as dredging projects, mining processes, paper mills, agriculture,
industry, and water treatment plants (Lawson, 2008).
These residues, when released in water bodies without pre-treatment, can cause
environmental impacts such as increased water solids and toxic metals, increased turbidity,
color, and altered dissolved oxygen levels (Di Bernardo and Dantas, 2005).
A first approach to treating these high-water content sediments is thickening them to
increase the solids content of the sludge. The process usually involves the removal of excess
water by decanting and the concentration of the solids by settling their volume by removing
free water from sludge to decrease transportation and disposal costs. Several methods can be
used to achieve this reduction and can be divided into two groups: natural methods, such as
drying beds and sedimentation lagoons, and mechanical methods, such as filter press, vacuum
filtration, and centrifuges (Andreoli et al., 2001; Reali, 1999).
To improve the dewatering of sludge with high water content, chemical conditioning is
commonly used to change the sludge properties to facilitate water drainage. The most used
conditionings are synthetic ionic or non-ionic polymers, but some other components, such as
lime, fly ash, or cellulose, can be added depending on the type of technique used for dewatering
(Crittenden et al., 2012; Mines Jr., 2014).
An alternative to conventional treatment of sludge is the use of geotextile closed systems
(GCS) to dewater them. Their use has become popular in the past years, as they can provide a
safe alternative to dispose of contaminated sediments by allowing dewatering, encasing and
isolation of the waste inside the system (Guimarães et al., 2014; Lawson, 2008). The main goal
of GCS in the sludge treatment chain is to achieve a volume reduction of the material through
a filtration mechanism, allowing water to drain (Bourgès-Gastaud et al., 2014). Due to the
complexity of the phenomena involved and the continuous improvement of the technique, many
aspects of the problem still need research to better understand the involved mechanism in the
GCS dewatering process.
Many factors can influence the dewatering of sediments by GCS, such as geotextile
mechanical and hydraulic properties, as well as sludge characteristics like grain-size
distribution, initial solid concentration and mineral composition (Segré, 2013). The geotextiles
generally employed in these systems have good tensile strength and rigidity to support
mechanical solicitations and hydraulic properties that warrant a good drainage condition. In
Rev. Ambient. Água vol. 15 n. 3, e2527 - Taubaté 2020
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these applications, the geotextile element should assure the waste confinement and the retention
of some particles that will form a filter cake which controls the internal flow conditions.
Different authors assessed one-directional dewatering processes in bench-scale apparatus,
using a variety of sludge and geotextiles, by pressurized column test (Liao And Bhatia, 2005;
Driscoll et al., 2016; Ratnayesuraj and Bhatia, 2018), and by falling-head column test (Weggel
and Dortch, 2012; Muthukumaran and Ilamparuthi, 2006) and the geotextiles proved to be able
to retain sludge particles and maintain reasonable drainage.
Bourgès-Gastaud et al. (2014) presented an experiment on the influence of the clay/silt
fraction on the dewatering process with nonwoven geotextiles by pressurized column tests. The
increment in the silt fraction shows improvement in the fine-retention capability of the
geotextile. That behavior seems promising as an alternative to sludge chemical conditioning.
However, it is not trivial to correlate the results obtained for nonwoven geotextile to woven
ones, as they have very distinguishable structures and, in general, large pore-size diameters.
The possibility of having sludge with a low percentage of solids, such as those generated
in water treatment plants, directly pumped in GCS for dewatering is one of the aspects that
deserve more studies due to the simplifications that this process could represent.
The present work investigated how the grain-size distribution variation of the sludge
particles affects the effluent flow rate and the solid retention capacity of GCS using a woven
geotextile by falling-head dewatering test. A mixture of sand/silt was used with the sand ratio
ranging from 0 to 30%. The experiments were carried out in the Geosynthetics Laboratory,
situated at Aeronautics Institute of Technology, São José dos Campos, Brazil.

2. MATERIALS AND METHODS
2.1. Geotextile material
The material used for the dewatering in the experiment was a polypropylene woven
geotextile, black in color, properly developed for dewatering applications, shown in Figure1.
The geotextile weft is presented in Figure 1a and Figure 1b shows the detail of geotextile fiber
overlapping in a perpendicular view. The physical and hydraulic characteristic of the tested
sample were mass per unit of area (µ) of 454g/m2 (ISO 9862), thickness (Tg) of 1.7mm (ISO
9863-1) and characteristic opening size (O90) of 240μm (ISO 12956) (ISO, 1988; 2005; 2009;
2010; 2016).
The characteristic opening size of a geotextile is obtained by wet sieving of a special soil,
where the geotextile acts as the sieve. Figure 1c presents the original soil grain-size distribution
curve and the grain-size distribution curve of the soil passing in the test. The parameter O90 is
defined as the d90 of the soil passing curve. Woven geotextiles are considered materials with
uniform pore size, having less variability in the pore size than nonwoven geotextiles, so the O90
is assumed as a good estimation for the overall geotextile pore size.
To better understand the geotextile behavior during the test, the water penetration
resistance (WPR) of the geotextile face exposed to the flow was determined according to EN
13562 (European Committee, 2000). This test measures the hydraulic load necessary to begin
the flow through the geotextile, due to its hydrophobic characteristics, and the results indicate
a mean value of 35.8mm water column (with a coefficient of variation of 3.6%.) was necessary
to overcome the water penetration resistance.
2.2. Granular material
To create a controlled sludge with precise grain-size distribution (GSD) curve an
industrialized ground-quartz was chosen as the solid material. The ground-quartz is a practically
inert material with high hardness, making it less susceptible to abrasion.
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Figure 1. Geotextile pore characteristics.

The ground-quartz specific density was determined according to ABNT NBR NM 52
(ABNT, 2009), obtaining a value of 2.67 g/cm3. It was separated in two narrow GSDs with
water sprinkler and agitation sieving, that is a wet sieving method as described by ISO 25911:1988; one denominated FG, classified as silt, used as the solid matrix for the sludge; and one
denominated CG, classified as poorly graded fine sand according to ASTM D2487-11 (ASTM,
2011).
The material was wet sieved to remove the small particles created by the crushing process.
The fraction retained between sieve #40 and sieve #100 compose the CG particles, and the
fraction retained between sieves #100 and #400 compose the FG particles.
The GSD curves of CG and FG are presented in Figure 2a. The visual aspect of the groundquartz grains, CG and FG, are detailed in Figure 2b and Figure 2c.
Each GSD was characterized by the laser diffraction method according to ISO 13320:2009.
FG particles presented a coefficient of uniformity (CU) of 1.67, and characteristics diameter
d85, d50, and d15 of 72μm, 53μm, and 32μm, respectively – the index represents the portion of
particles smaller than the corresponding diameter, e.g., d85 is a diameter bigger than 85% of the
particles. CG particles presented a coefficient of uniformity (CU) of 1.39, and characteristics
diameter d85, d50, and d15 of 255μm, 215μm, and 130μm, respectively.
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Figure 2. CG and FG particle characteristics.

Those two GSD were selected to provide a material coarse enough to be retained by the
geotextile (CG) and a material with a low probability of retention, to simulate the critical
condition of fine sludge dewatering. Also, CG is classified as a filter to FG, according to
Terzaghi filter criterion (Lambe and Whitman, 1969) for satisfying, simultaneously, Equations
1, 2, and 3.
𝐷15
𝑑85

<5

(1)

𝐷

4 < 𝑑15 < 20

(2)

15

𝐷50
𝑑50

< 25

(3)

Being Di% (mm) the characteristic diameters of the soil acting as a filter, and di% (mm)
the characteristic diameters of the soil to be retained.
2.3. Falling-Head column apparatus
The apparatus developed is an adaptation of the apparatus used by Weggel and Dortch
(2012). It is composed of an acrylic tube with an 83 mm inner diameter and is 600 mm high,
attached to a grappling system in the bottom end to place the test sample. The grappling system
allows us to hold the specimen in a horizontal position without deformation or sagging. Due to
the geotextile characteristics, it was not necessary to install a wire mesh in the grappling system.
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The data acquisition is made by connecting the column to a scale with a metallic frame.
Also, another scale is placed on the bottom of the column to collect the effluent.
A hydraulic pump attached to a mixing reservoir was used to pump the solution inside the
column. To determine the maximum pump flow rate, tree tests were conducted pumping only
water to inside the column with its outlet flow blocked by an impermeable membrane indicating
a mean value of 267.7 g s-1 with a standard error of 1.7 g s-1. Figure 3 shows the column test
apparatus scheme.

Figure 3. Test apparatus scheme.

2.4. Testing run protocol and data analysis
A volume of five liters of the solution was prepared by mixing the correspondent fraction
of FG and CG with filtered water to make the sludge with five percent solid content. The
resulting sludge was transferred to the mixing tank to be inserted in the column by the pump.
Each test run consisted of one single filling and drawdown phase. The effluent was collected at
each dewatering phase end. The dewatering end phase was characterized by an evaporation
mass loss surpassing the effluent flow rate.
The collected effluent was wet-sieved to recover each portion of FG and CG, as the
remaining solution in the mixing tank. The solid material retained in the geotextile specimen
was washed and also sieved.
The flow data analysis was restricted to the filling phase and consisted of plotting the
passing and retained mass curves over time, then fitting the best linear regression for each one.
The behavior of the angular coefficient was analyzed as the portion of CG increased. The solid
retention analyzed was based on Filtration Efficiency (FE) (Moo-Young et al., 2002), and
Piping Rate (Satyamurthy and Bhatia, 2009), determined by Equations 4 and 5, respectively.
𝐹𝐸 =
𝑃𝑃 =

𝑇𝑆𝑖𝑛𝑖 −𝑇𝑆𝑓𝑖𝑛𝑎𝑙
𝑇𝑆𝑖𝑛𝑖

𝑥100

𝑆𝑓𝑖𝑛𝑎𝑙
𝐴

(4)
(5)

with FE being the filtration efficiency (%), PP the piping rate (g m-2), TS the total solids
concentration (g m-3); S the solid mass in the sludge (g), and A the specimen’s area exposed to
the flow (m2).
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3. RESULTS AND DISCUSSIONS
3.1. Initial condition
A set of seven dewatering tests were carried out. The experiment was designed to
investigate how the dewatering flow rate and solids retention behave as the grain-size
distribution of the sludge changes slightly. The progressive increment in the coarse fraction of
the material was similar to that adopted by Bourgès-Gastaud et al. (2014) in similar work with
nonwoven geotextile and a sludge made of a silt-clay mixture.
During the test, the solids concentration of the sludge varied as a response to the pumping
process. The difference between the percent solids of the prepared sludge and its volume
pumped to the column is shown in Table 1, identified as PS and PSreal, respectively. The same
occurs with the intended percentage of CG in the sludge, with PCG being the percentage of CG
in the sludge, and PCGreal the percentage in the pumped volume.
Also, during the sieving process to recover fractions passing or retained of FG and CG, the
same granular material can be lost. A total solid loss threshold was fixed at 3% to discard a test
run, as a high solid loss could interfere in the interpretation of the results. Also, the temperature
(T) of the sludge was measured and the relation O90/D85 was calculated.
Table 1. Summary of initial test conditions.
Test

OS (%)

PSreal (%)

PCG (%)

PCGreal (%)

Solid Loss (%)

T (°C)

O90/D85 (mm)

F0
F3
F5
F7
F9
F15
F30

5
5
5
5
5
5
5

4.7
5.4
5.4
5.5
5.4
5.3
5.3

0
3
5
7
9
15
30

0.0
2.9
4.2
6.5
9.4
14.2
27.0

1.3
1.4
3.0
1.8
1.7
1.7
1.4

25.4
20.5
22.1
20.6
22.2
20.9
19.0

3.3
3.2
3.2
3.1
3.0
2.4
1.4

3.2. Filling phase dewatering behavior
The first observed aspect in the experiment was the flow response of the dewatering
process with the increment of CG in the sludge for the filling phase. The filling phase consists
of the pumping interval to achieve a high of about 50 mm. Figure 4 shows the retained (a) and
passing (b) curves for the seven runs. The observed filling phase duration varied from 14 to 18
seconds, implying in different volumes to achieve the intended high.
The slope of the passing mass curves decreases gradually as the PCG increases, indicating
a progressive increase in hydraulic head loss caused by particle retention, as shown in
Figure 4b. The same behavior is observed with less intensity in the retained mass curves, the
difference in intensity is due to the flow rate given by the pump. Also, in Figure 4b by the time
of five sec. the passing mass curves show distinguishable divergent behavior, indicating how
early in the dewatering processes the GSD of the sludge can cause an effect in the flow.
Flow rate decreases mainly by particle retention and consequent filter cake formation that
gradually improve the system retention capability. This process evolves through time as shown
in Figure 4. The same phenomenon was observed by Muthukumaran and Ilamparuthi (2006),
when analyzing the dewatering behavior of clayey dredged sediment and fly ash by the fallinghead dewatering test.
In the F30 run, the flow-rate decreasing trend is no longer observed. As the PSC
approaches 15%, the curves seem to approach the same slope. The passing mass curves
presented a good linear fit, with R-square varying from 0.969 to 0.989, enabling analysis by its
angular coefficient (αP). One important aspect of the filling phase is the influence of the GSD
on the pumping rate, as the PCG increases the energy loss in the pumping also increases,
resulting in a decreasing flow rate.
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Figure 4. Accumulated mass behavior for different initial PSC on filling phase.
To analyze the effluent flow rate without the interference of this energy loss, the values of
αP of each test were normalized by the total flow rate’s slope (αT). The αT parameter was
obtained by adding the passing and retained mass data, as its sum should represent the total
flow rate pumped to the column, and fitted to the best linear regression. The total mass curves
also show a good linear fit with R-square, varying from 0.976 to 0.995.
Figure 5 shows the resulting values of αP/ αT as a function of the PCGreal, for small additions
of coarse material, the flow rate decreases rapidly, around seven percent of PCG. The observed
reduction in αP/αT due to the addition of seven percent of CG was 46%, a drop of almost half of
the flow rate observed for the scenario with no CG added.
The αP/αT stops decreasing from F15 to F30, due to an increase in the CG content in the
sludge; hence the portion of fine material is being gradually replaced by coarse material. This
replacement decreases the flow resistance, as the overall retained material is more permeable.

Figure 5. Normalized α values for passing masses.
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3.3. Solid retention analysis
The solid retention analysis aimed to quantify how the gradual increase in PCG affected
the ability of the geotextile used in this work to retain the solid particles. The Filtration
Efficiency, FE compares the initial and final total solids concentration in the sludge (see
Equation 1). The piping rate, PP, gives an overview of the sediment loss per geotextile area
exposed to the flow (see Equation 2). Both FE and PP were calculated after the dewatering time
established in the test. The dewatering time ranged from 60 to 360 s when the CG fraction
increased from 0 to 6%, reaching 1500 s for testing with 14% CG and dropping to 1200 s with
27% CG.
Figure 6 shows the observed behavior of the FE (a) and PP (b) as the PCG gradually
increases. For the first run, with no PCG addition, the geotextile was barely capable of retaining
any quantity of solids presenting a FE of proximally nine percent and PP of 36 kg m-2; this
behavior is a result of the relationship between the geotextile pore size and the GSD (O90/d85 =
3.3).

Figure 6. Solid retention analyses.

The gradual increment of PCG results in the improvement of the geotextile solid retention
capability. Around 15% PCG, FE reaches its maximum value of 73%, a considerable increase
of almost 8 times, and PP reaches its minimum value of 7.7 kg m-2, a 4.7 times reduction in the
piping rate for the investigated scenario. Moo-Young et al. (2002) pointed out that geotextile is
capable of retaining particles smaller than its pores when analyzing the dewatering process of
four different sludges using four woven geotextiles.
The further increase in the PSG beyond 15% does not result in any improvement in the
solid retention performance. When looking at the d85 mixtures used in the test, its values
gradually increase as more CG is added, at F15 it is almost half of the size of the geotextile
opening size O90, e.g., O90/d85 ≈ 2.4, increasing the d85 value does not result in better retention
parameters in these tests.

4. CONCLUSIONS
This work presents an alternative solution to improve the dewatering of sludge with high
water-content by the addition of small amounts of sand to start the formation of the filter-cake.
It focused on the observation and analysis of the flow-rate behavior and solid retention
capability of a woven geotextile evaluated by a falling-head dewatering test. The tests
considered synthetic sludge composed of fine particles (FG) that are not retained by the
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geotextile and a small fraction of coarse particles (CG) that could be retained by the geotextile
and could retain the fine particles. The question was not if the coarse fraction could contribute
to retention, but how many particles would be necessary to evaluate the viability of that
contribution.
Based on the results, it can be concluded that the tested dewatering scenarios show a high
sensibility to small changes in the coarse fractions of the sludge. The presence of a small
fraction of CG particles can significantly improve particle retention.
This behavior is defined in the early stages of the filling phase as a result of the geotextile
pores’ particle retention, acting as a stabilizer for the filter cake formation upstream from the
geotextile.
The head loss observed in the flow is intrinsically linked to the success of the particle
retention. The addition of 14% of CG, which represents only 0.7% of the total solution mass,
results in a gain of 64% in the Filtration Efficiency and a reduction of 4.7 times in the observed
piping rate. However, there is a limit to the increment of the CG particles, because it does not
result in any improvement in the solid retention capability when considering a vertical flow.
The gains approach a limit when the relation O90/d85 nears 2.4 in the tests conducted in this
research.
The geotextile applied on the dewatering project must withstand the mechanical and
hydraulic stresses imposed by pumping the sludge into the GCS; these mechanical restrictions
lead to the use of geotextiles with O90 much larger than the fine particles’ diameter, leading to
the need for chemically conditioning the sludge. The addition of small portions of coarse
material with a diameter near the geotextile O90 looks promising as an alternative sludge
conditioning to improve the dewatering process of fine sludge with high water content.
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ABSTRACT
This study simulated nitrogen-compound concentration changes in rivers, taking into
account uncertainty analysis carried out by the Monte Carlo Method. The study area is the final
stretch of the Piracicaba River, located in Minas Gerais, Brazil, which is an important Doce
River tributary. The uncertainty analysis took into account random generation of hydrodynamic
variables, initial water quality conditions and kinetic constants. Different variation percentages
for the organic nitrogen decay kinetic constants random generation did not influence
considerably the ammonia or organic nitrogen maximum concentration extreme values. In the
simulations, maximum organic nitrogen concentrations were most frequently between 0.20
mg.L-1 and 0.22 mg.L-1 (42%), maximum ammonia nitrogen between 0.28 mg.L-1 and 0.30
mg.L-1 (30%), maximum nitrite between 0.05 mg.L-1 and 0.07 mg.L-1 (49%) and maximum
nitrate between 0.46 mg.L-1 and 0.50 mg.L-1 (37%). Estimated maximum concentrations for
ammonia nitrogen, nitrite and nitrate did not exceed the environmental quality standards
established by Brazilian CONAMA Resolution 357/2005 for Class 2 watercourses. Random
generation of kinetic constants that regulate ammonia and nitrite decay produced significant
ammonia nitrogen, nitrite, and nitrate peak concentrations value frequencies, histograms and
forms changes, when considering variation percentages equal to or greater than 50%. Some
simulation results showed more inhibition of oxidized nitrogen forms production.
Keywords: monte carlo method, stochastic modeling, uncertainty analysis, water quality.

Simulação comportamental de compostos nitrogenados em rios com
análise de incerteza
RESUMO
O objetivo do presente estudo é simular transformações dos compostos de nitrogênio em rios com
incorporação da análise de incerteza conduzida pelo Método de Monte Carlo. A área de estudo
considerada foi o trecho final do Rio Piracicaba, importante afluente do Rio Doce no território mineiro.
A análise de incerteza conduzida envolveu gerações aleatórias de variáveis hidrodinâmicas, condições
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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iniciais de qualidade de água e constantes cinéticas. A adoção de diferentes coeficientes de variação nas
gerações aleatórias das constantes cinéticas que regulam o decaimento do nitrogênio orgânico não
influenciou de maneira significativa os valores extremos das concentrações máximas de nitrogênio
orgânico ou nitrogênio amoniacal. Nas simulações conduzidas, concentrações máximas de nitrogênio
orgânico que se situaram mais frequentemente entre 0,20 mg.L-1 e 0,22 mg.L-1 (42%), de nitrogênio
amoniacal entre 0,28 mg.L-1 e 0,30 mg.L-1 (30%), de nitrito entre 0,05 mg.L-1 e 0,07 mg.L-1 (49%) e de
nitrato entre 0,46 mg.L-1 e 0,50 mg.L-1 (37%). As concentrações máximas estimadas para nitrogênio
amoniacal, nitrito e nitrato não superaram os padrões de qualidade ambiental estabelecidos pela
Resolução CONOMA no 357/2005 para cursos d’água classe 2. Gerações aleatórias das constantes
cinéticas que regularam o decaimento do nitrogênio amoniacal e do nitrito, considerando coeficientes
de variação iguais ou superiores a 50%, produziram alterações relevantes nos valores e formas dos
histogramas de frequência das concentrações máximas de nitrogênio amoniacal, nitrito e nitrato. Em
determinadas simulações, foi observada, também, inibição da produção das formas mais oxidadas de
nitrogênio.
Palavras-chave: método de monte carlo, modelagem estocástica, qualidade de água.

1. INTRODUCTION
Nitrogen compounds can be released into water bodies by natural sources or as the result
of anthropogenic activities. Biological fixation, rainfall processes, runoff and rural drainage are
some examples of natural nitrogen sources. Anthropogenic sources include several industrial
activities, water surface runoff in urban areas, fertilizer use in rural areas, and feces and urine
discharges into water bodies without proper treatment (Ferreti, 2005).
Nitrogen compounds (especially those in nitrate form), in their most different states of
oxidation, in water bodies may cause human health problems. Nitrate is capable of producing
methemoglobin, which is an element that reduces the transport of oxygen to tissues and in high
concentrations in the human body is incompatible with life (Fernicola and Azevedo, 1981).
As observed by Reis and Mendonça (1998; 2009), other environmental problems
associated with the nitrogen cycle in water courses deserve particular attention: a) ammonia is
toxic to fish, particularly in the non-ionized form (with corresponding concentration and
toxicity values depending on pH, temperature and salinity); and b) during the nitrification
process (oxidation reactions) oxygen additions (or hydrogen removal) occur to the organic
molecule. Thus, nitrification can deplete water body oxygen levels.
In this context, nitrogen cycle simulation with the aid of mathematical models of water
quality, such as presented by Whitehead et al. (1998a; 1998b), Tong and Chen (2002), Ribarova
et al. (2008), Gastaldini and Oppa (2011), Gomes and Simões (2014); Salla et al. (2014),
Grizzetti et al. (2015), Li et al. (2017) and Ikenberry et al. (2017), becomes relevant for the
adequate management of water bodies’ nitrogenous compounds.
Moreover, it is necessary that the parameters describing the modeled system be obtained
in an appropriate way for a water quality mathematical model to produce satisfactory responses.
However, there are uncertainties in the determinations of the main factors influencing quality
parameters in rivers. Establishing these factors reliably is a complex task, and depends on data
collection, laboratory testing and field measurements, which can be sources of inaccuracies and
uncertainties. As a consequence, model simulated values may present different degrees of
uncertainty. In addition, parameters determined at one time may not be representative of the
process that occurs over a long period of time (Salas and Shin, 1999). In this context, the
behavior of input data and models water quality coefficients can be treated as a stochastic
process, subject to uncertainty analysis, due to the variability, randomness and uncertainties
associated with the use of mathematical models.
Several uncertainty analysis methods have been developed and applied in water resource
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engineering. Among the most widely used methods is the Monte Carlo Method (Salas and Shin,
1999), as illustrated by Whitehead and Young (1979), Beck (1987), Pastres and Ciavatta (2005),
Lindenschmidt et al. (2007), Mannina and Viviani (2010), Dotto et al. (2012), Jiang et al.
Holguin-Gonzalez et al. (2013) and Shojaei et al. (2015), Abokifa et al. (2016), Sparkman et
al. (2017) and Sharior et al. (2019).
In the Monte Carlo method, different input variables are randomly considered in preestablished inputs, simulating the corresponding output values (Clemen and Reilly, 2013). By
this technique, all uncertainties about input factors can be considered simultaneously or
individually (Saisana et al., 2005). The generated responses are then analyzed statistically for
quantification of uncertainties.
The main objective of this research is to simulate the transformation of nitrogen
compounds in the final stretch of the Piracicaba River, incorporating uncertainty analysis
carried out by the Monte Carlo Method. The Piracicaba River is an important tributary of the
Doce River (Minas Gerais State, Brazil). The approach allowed the nitrogen cycle
transformations to be treated stochastically, thus avoiding the analysis of single profiles for the
different nitrogen compounds, which is the usual procedure adopted in the deterministic
approach for water quality mathematical simulation. Due to the uncertainties associated with
the kinetic constants that regulate the nitrogen cycle, the variation percentages for the random
generation influence of these constants was also investigated.

2. STUDY AREA
There were considered hydrological and water quality data for the Piracicaba River final
stretch, between Coronel Fabriciano city and its mouth, corresponding to a total length of 60
km. The Piracicaba River watershed (Figure 1) is a Doce River sub basin located in Minas
Gerais State east center region. In particular, the Piracicaba River mainspring is located in
Espinhaço mountain range, near Ouro Preto city, at an altitude 1,680 m, and flows into Doce
River at an altitude 210 m, close to Ipatinga city. Piracicaba River is 241 km long (Mourão
Júnior, 2010).
The population of the municipalities that are totally or partially located in the Piracicaba
watershed is 761,356 inhabitants (IBGE, 2010). Ipatinga, the largest and most important
municipality in the region, presents 239,468 inhabitants. It is followed by Coronel Fabriciano
municipality, that presents103,694 inhabitants. Known nationally as an industrial pole, the city
of Ipatinga has a dense commerce and services network.
According to Normative Resolution No. 09, issued on April 19, 1994 by Minas Gerais
State Environmental Policy State Council (COPAM), the Piracicaba River was classified, in
the simulated stretch, as a Class 2 watercourse.
The Piracicaba River receives large nitrogenous compound contributions from industrial
and municipal effluents. Hence, domestic and industrial pollution is one of the main
environmental watershed problems.

3. METHODOLOGY
3.1. Hydrological and Water Quality Information
Critical conditions concerning surface water source pollution occur more frequently in
drought periods. Thus, in this research, water quality simulations were carried out by assuming
an average seven-day low flow which occurs once in ten years (i.e.7Q10).
The Piracicaba River 7Q10 flow rate value, 23.68 m3 s-1, was estimated by Mourão Junior
(2010) based on data from the ACESITA fluviometric station (station installed and operated by
the Brazilian National Water Agency).
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Figure 1. Piracicaba River watershed.

In the computational simulations, the nitrogen compound concentrations presented in
Table 1 were assumed for the simulated upstream boundary condition, reproducing the quality
conditions observed by Mourão Júnior (2010) when conducting Piracicaba River lower stretch
water-quality monitoring studies.
Table 1. Nitrogen concentrations in the Piracicaba River upstream boundary condition.
Organic Nitrogen (mg.L-1)

Ammoniacal Nitrogen (mg.L-1)

Nitrite (mg.L-1)

Nitrate(mg.L-1)

0.00

0.00

1.0

1.0

In the different simulations, raw sewage disposal was assumed at the beginning of the
simulated stretch, 03 (three) km downstream the simulated river stretch. A 0.175 m3s-1 flow rate
was assumed for this disposal, corresponding to Coronel Fabriciano city average sewage
production, considering a water per capita consumption 180 L.hab-1.day-1 and return coefficient
80%. Diffuse inputs were not considered in the simulations. The assumed per capita water
consumption corresponds to the center of the values range suggested by Von Sperling (2006)
for medium-sized cities (cities presenting population between 50,000 and 250,000 inhabitants).
The return coefficient, in turn, was established based on those indicated by NBR 9649/1986
Brazilian Standard.
For the domestic sewage load point, values corresponding to the upper limits of the
parameters variation ranges suggested by Von Sperling (2006) were considered. Thus, the raw
sewage discharge organic and ammoniacal nitrogen concentrations considered in the
simulations were 30 and 40 mg.L-1, respectively. Raw sewage nitrite and nitrate concentrations
were considered null in all simulations.
3.2. Mathematical Modeling of the Nitrogen Cycle
The equations utilized to represent the watercourse nitrogen cycle transformations
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reproduced those assumed by Von Sperling (2007) during QUAL-UFMG model development.
Equation 1 was used to estimate organic nitrogen variation in the watercourse by means of
transformation into ammoniacal nitrogen by ammonification process and organic nitrogen loss
by sedimentation.
𝑑𝑁𝑜𝑟𝑔
𝑑𝑡

= − 𝐾𝑜𝑎 . 𝑁𝑜𝑟𝑔 – 𝐾𝑠𝑒𝑑 . 𝑁𝑜𝑟𝑔

(1)

Where:
● Norg: Organic nitrogen concentration (mg-N.L-1);
● Koa: Organic nitrogen to ammonia conversion coefficient (per day);
● Ksed: Organic nitrogen removal by sedimentation coefficient (per day).
Ammoniacal nitrogen accumulation occurs through organic nitrogen transformation and
eventual introduction by the bottom sediment. The transformation of ammoniacal nitrogen into
nitrite by nitrification causes loss of a portion of this accumulation, thus closing the mass
ammonia compounds Equation 2.
𝑑𝑁𝑎𝑚𝑜𝑚
𝑑𝑡

= 𝐾𝑜𝑎 . 𝑁𝑜𝑟𝑔 − 𝐾𝑎𝑛 . 𝑁𝑎𝑚𝑜𝑛 +

𝑆𝑁𝑎𝑚𝑜𝑛

(2)

𝐻

Where:
●
●
●
●

Namon: Ammonia concentration (mg-N.L-1);
Kan: Ammonia to nitrite conversion coefficient (per day);
SNamon: Coefficient of ammonia release from the bottom sediment (gO2.m-2.day-1);
H: watercourse depth (m).

Nitrite concentration variation in the watercourse was simulated by using Equation 3. This
equation represents the formation of nitrite from ammoniacal nitrogen and nitrite decay for
nitrate formation. Nitrite accumulation is an intermediate phase between ammoniacal nitrogen
and nitrate.
𝑑𝑁𝑛𝑖𝑡𝑟𝑖
𝑑𝑡

= 𝐾𝑎𝑛 . 𝑁𝑎𝑚𝑜𝑛 − 𝐾𝑛𝑛 . 𝑁𝑛𝑖𝑡𝑟𝑖

(3)

Where:
● Nnitri: Nitrite Concentration of (mg-N.L-1);
● Knn: Nitrite to nitrate conversion coefficient (per day).
Nitrate accumulation was simulated as a function of nitrite transformation, through
nitration, according to Equation 4.
𝑑𝑁𝑛𝑖𝑡𝑟𝑎
𝑑𝑡

= 𝐾𝑛𝑛 . 𝑁𝑛𝑖𝑡𝑟𝑖

(4)

In Equation 4 Nnitra represents the nitrate concentration (mg-N.L-1). Total nitrogen
accumulation (Ntotal in mg-N.L-1) was obtained by a simple sum of the different nitrogen
compounds, as indicated by Equation 5. The total nitrogen concentration in the watercourse
will be constant whenever the denitrification process is not considered, the approach assumed
in the present study.
𝑁𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑜𝑟𝑔 + 𝑁𝑎𝑚𝑜𝑛 + 𝑁𝑁𝑖𝑡𝑟𝑖 + 𝑁𝑛𝑖𝑡𝑟𝑎

(5)
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The different equations related to nitrogen cycle description were numerically solved with
the aid of the Euler method (Campos Filho, 2001), in the Microsoft Excel spreadsheet
computational environment. Hydraulically, it was assumed that the watercourse could be
represented as a sequence of full-mix reactors in series, reproducing QUAL-UFMG model
functional and computational structures.
3.3. Kinetic constants
The values of the kinetic constants that regulate the nitrogen cycle used in this research
were obtained from Mourão Júnior (2010), a study that calibrated and applied the QUALUFMG model for the Piracicaba River water quality simulations. The values of cited kinetic
constants are presented in Table 2.
Table2. Kinetic constants used in computational simulations.
Kso (per day)

Koa (per day)

Kan (per day)

Knn (per day)

0.05

0.20

0.20

0.75

Note: Ksed - Organic nitrogen removal by sedimentation coefficient;
Koa - Organic nitrogen to ammonia conversion coefficient; Kan Ammonia to nitrite conversion coefficient; Knn - Nitrite to nitrate
conversion coefficient.

3.4. Monte Carlo Method
The Monte Carlo Method was applied for uncertainty analysis of the different variables
and coefficients associated with mathematical simulation of nitrogen-compound
transformations in the Piracicaba River. The method application involved many simulations,
generating, for each simulation, different water quality model input variables and kinetic
coefficients values.
The random numbers needed for the Monte Carlo Method application were generated by
using the Microsoft Excel Random Number Generation tool, assuming Normal Probability
Distribution. Input data and kinetic coefficients random generation was carried out by using
Equation 6.
Value = Average. (1 + Random. η)

(6)

Where:
● Value: new value for the input data or model coefficient, to be used in each new
simulation;
● Random: random number generated according to the Normal distribution;
● η: variation percentage.
For the random generation of kinetic constants (variables presenting greater uncertainties),
a 20% variation percentage was assumed. As indicated by Silva (2007), the adoption of a 20%
perturbation represents more adequately all model parameters and input data coefficient
variations. For other input data (river and effluent nitrogen compounds concentrations, river
and effluent flows and river velocity) generations, a 5% variation percentage was considered,
as suggested by Von Sperling (2007).
From Normal Distribution application, 1,000 (thousand) concentration profiles were
generated for the different nitrogen compounds. From the concentration profiles, box-plot
graphs were used to indicate the median and extreme values of nitrogen compounds for three
different river sections located downstream of the final effluent disposal (Sections 3 km, 15 km
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and 30 km downstream the discharge point). Additionally, the frequency distributions of
organic nitrogen, total ammonia, nitrite and nitrate maximum concentrations were established.
The maximum concentration frequency diagrams of the Nitrogen compounds were established
considering eight (8) class intervals, defined from the highest and lowest maximum
concentrations values. In those situations where class intervals would require the adoption of
concentrations less than 0.01 mg.L-1, frequency diagrams were constructed with less class
intervals.
Additional simulations were carried out to evaluate the kinetic constant random generation
influence on nitrogen compound concentration variations. Thus, in addition to the 20%
variation percentage, 10%, 50% and 90% percentages were assumed in K so, Koa, Kan and Knn
coefficients of random generations. To evaluate the effects of each assumed value for the
variation percentage, one thousand (1000) simulations were performed per coefficient, forming
twelve thousand (12,000) additional simulations.
Also at this stage of the research, frequency distributions were established for organic
nitrogen, total ammonia, nitrite and nitrate maximum concentrations, for each group of
simulations.
The maximum concentration values, summarized by the frequency histograms, were
compared with the environmental quality standards established for ammonia nitrogen, nitrite
and nitrate by Resolution No. 357, issued on March 18, 2005 by the Brazilian National
Environmental Council (CONAMA, 2005).

4. RESULTS AND DISCUSSION
4.1. Maximum Concentrations of Nitrogen Compounds
Figure 2 presents box-plot graphs that indicate organic nitrogen, ammonia nitrogen, nitrite
and nitrate median and extreme concentrations for the set of one thousand (1,000) simulations,
for the three fluviometric sections (3km, 15 km and 30 km downstream of the final effluent
disposal point) where the transformations were most evident. In these simulations, a 20%
variation percentage was assumed for kinetic constant random generation and a 5% variation
percentage for the other input data generations. Figure 3, in turn, presents nitrogen compound
maximum concentration frequency distributions for the same set of simulations.
From a simple inspection of Figures 2 and 3, the following observations are relevant:
● Considering the use of kinetic constants that regulate the decay of organic nitrogen to
ammonia (Koa) and ammonia to nitrite (Kan) presented in Table 2 (Koa = Kan = 0.20 per day),
the maximum ammoniacal nitrogen concentrations occurred invariably in the river-effluent
mixture section (located 3 km downstream of the simulated stretch ). However, whenever
kinetic constant random generation led to Koa values greater than Kan, (organic nitrogen
decaying faster to ammonia than ammonia to nitrite), the maximum ammonia nitrogen
concentrations were estimated for sections located downstream of the mixing point;
● Since the nitrite to nitrate decay coefficient average value (Knn = 0.75 per day, as in
Table 2) is substantially higher than the average value of the coefficient regulating the
conversion of ammonia to nitrite (Kan = 0.20 per day), the nitrite concentrations are substantially
lower than other nitrogen compounds concentrations for all carried out computational
simulations. In the simulations where the coefficients were generated randomly, although
variations were allowed in the coefficients’ average values surroundings, Knn values remained
invariably greater than Kan. According to the graph that describes the nitrite variation (Figure
2C), the maximum values and these maximum occurrence sections were variable along the
simulated stretch, depending exclusively on the relative values between Kan and Knn;
● Since the denitrification process was not considered in the simulations, nitrate
concentrations invariably increased along the river stretch subject to water quality simulations.
However, in those simulations where kinetic constants were generated randomly, favoring
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intermediate nitrogen compound forms accumulation, the nitrification process was not carried
out in the simulated section;
● The frequency histogram associated with organic nitrogen (Figure 3A) shows that the
estimated maximum concentrations for this constituent in the analyzed watercourse ranged
from 0.16 mg.L-1 to 0.27 mg.L-1. In addition, it is relevant to note that approximately 42% of
the maximum organic nitrogen values were in the range from 0.20 mg.L-1 to 0.22 mg.L-1 and
the probability that the organic nitrogen maximum concentrations are less than 0.19 mg.L-1 or
greater than 0.25 mg.L-1 did not exceed 13%;
● Maximum ammoniacal nitrogen concentrations, according to Figure 3B, presented a
78% probability of being between 0.26 mg.L-1 and 0.32 mg.L-1, with approximately 30% of the
maximum concentrations in the range 0.28 mg.L-1 to 0.30 mg.L-1. The frequency of ammoniacal
nitrogen maximum concentrations below 0.26 mg.L-1 was around 8%. In only 138 simulations
(13.8%) the ammonia maximum concentrations exceeded 0.32 mg.L-1;
● In approximately half of the performed simulations (48.9%), the maximum nitrite
concentrations were in the range from 0.05 mg.L-1 to 0.07 mg.L-1. The frequency that the
maximum concentrations were above 0.11 mg.L-1 or below 0.04 mg.L-1 did not exceed 5%;
● In more than four hundred simulations, the maximum nitrate concentrations were in the
range from 0.45 mg.L-1 to 0.49 mg.L-1. Maximum concentrations lower than 0.37 mg.L-1
occurred in only 7 (seven) simulations (0.7%). Concentrations above 0.57 mg.L-1 were observed
only in approximately 0.3% of the simulations.

Figure 2. Organic nitrogen (A), ammoniacal nitrogen (B), nitrite (C) nitrate (D) concentration
profiles for a set of computational simulations with kinetic constants, hydrodynamic variables and
initial quality conditions random generation.

In the simulations, the environmental quality standards established by CONAMA
Resolution 357/2005 for nitrite (1.0 mg.L-1) and nitrate (10.0 mg.L-1) in Class 2 rivers were not
exceeded. It is relevant to note that the boundary conditions imposed null values for these
nitrogen compounds in the effluent and that the percentage of variation employed for the
random generation of new concentrations was 5%. The environmental quality standard set for
ammonia nitrogen, dependent on watercourse pH, was also not exceeded in the water quality
simulations in the present study. This standard is stricter for waters with higher pH values,
ranging in Class 2 between 1.0 mg.L-1 (for waters with pH> 8.5) and 13.3 mg.L-1 (pH <7.5). It
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should be noted that the percentage of variation employed for the random generation of new
ammonia nitrogen concentrations was also only 5% and that the boundary conditions assumed
zero ammonia concentrations for the watercourse.

Figure 3. Organic nitrogen (A), ammoniacal nitrogen (B), nitrite (C) and nitrate (D)
compounds maximum concentrations frequency distributions - Kinetic constants random
generations for a 20% variation percentage and, for the other input variables, 5% variation
percentage.

4.2. Extreme Values of Kinetic Constants
The maximum extreme values concentrations for the different nitrogen compounds,
considering Kso, Koa, Kan and Knn coefficient random generations for different variation
percentages are presented in Tables 3, 4, 5 and 6.
Table 3. Nitrogen compound maximum concentration extreme values (mg.L-1)
considering generated Kso values for different variation percentages.
Variation percentages (%)
Parameter

Extreme Value
10

20

50

90

Minimum

0.16

0.16

0.16

0.16

Maximum

0.27

0.27

0.27

0.27

Minimum

0.22

0.22

0.22

0.22

Maximum

0.37

0.37

0.37

0.37

Organic Nitrogen

Ammoniacal Nitrogen
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Table 4. Nitrogen compound maximum concentration extreme values (mg.L-1)
considering generated Koa values generated, for different variation percentages.
Variation percentages (%)
Parameter

Extreme Value
10

20

50

90

Minimum

0.16

0.16 0.16

0.15

Maximum

0.27

0.27 0.27

0.28

Minimum

0.22

0.22 0.22

0.22

Maximum

0.37

0.37 0.38

0.41

Organic Nitrogen

Ammoniacal Nitrogen

Table 5. Nitrogen compound maximum concentration extreme values (mg.L-1)
considering generated Kan values, for different variation percentages.
Variation percentages (%)
Parameter

Organic Nitrogen

Extreme Value
10

20

50

90

Minimum

0.23

0.22

0.22

0.22

Maximum

0.39

0.37

0.54

0.55

Minimum

0.03

0.03

0.00

0.00

Maximum

0.15

0.13

0.14

0.17

Ammoniacal Nitrogen

Table 6. Nitrogen compound maximum concentration extreme values (mg.L-1)
considering generated Knn values, for different variation percentages.
Variation percentages (%)
Parameter

Extreme Value
10

20

50

90

Minimum

0.03

0.03

0.02

0.02

Maximum

0.10

0.13

0.54

0.59

Minimum

0.32

0.31

0.00

0.00

Maximum

0.61

0.61

0.61

0.87

Organic Nitrogen

Ammoniacal Nitrogen

Figure 4 shows maximum frequency distributions for ammoniacal nitrogen and nitrite
concentrations associated with the random generations related to the coefficient Kan. Similar
graphs were produced for the different nitrogen compounds through the random generations
associated with the other kinetic coefficients (Kso, Koa and Knn).
Simple inspection of Tables 3 to 6 and Figure 4 (and similar tables and figures produced
for the other kinetic coefficients), shows that the following considerations are relevant:
• The coefficient Kso is substantially lower (order of magnitude one) than the other
coefficients that regulate the transformations associated to the nitrogen cycle.
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Figure 4. Maximum ammoniacal nitrogen and nitrite concentration frequency distributions
- results associated with random generations relative to the coefficient Kan.

This aspect conforms to the fact that the variations resulting from organic nitrogen removal
by sedimentation were considerably smaller than the variations associated with organic nitrogen
to ammoniacal nitrogen conversion;
● The results showed that changes in the variation percentage due to the small influence
of Kso on organic nitrogen concentrations did not significantly influence either the nitrogen
compound concentration extreme values, the form of the maximum concentration frequency
diagram, or the maximum concentration occurrence probability in the different concentration
classes. Regardless of the permissible fluctuation of the Kso values around their mean value, the
maximum organic nitrogen concentrations occurred predominantly between 0.20 mg.L-1 and
0.22 mg.L-1. The ammoniacal nitrogen extreme values varied between 0.16 mg.L-1 and 0.27
mg.L-1.
● Simulation results associated with random generation of the coefficient values that
represent the organic nitrogen to ammonia transformations (Koa) indicated that changes in the
variation percentages between 10% and 50% did not modify organic nitrogen and ammoniacal
nitrogen maximum concentrations extreme values.
● The maximum organic nitrogen concentrations varied from 0.16 mg.L-1 to 0.27 mg.L-1
for variation percentages between 10% and 50%. The maximum ammoniacal nitrogen
concentrations, in turn, varied between 0.22 mg.L-1 and 0.38 mg.L-1.
● The adoption of the variation percentage 90% for Koa coefficients values random
generation produced relevant modifications in maximum ammoniacal nitrogen concentration
profiles and frequency diagrams. Maximum ammoniacal nitrogen concentrations varied
between 0.29 mg.L-1 and 0.32 mg.L-1, a range that concentrated approximately 37% of the
maximum ammonia concentration values;
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● Frequency histograms associated with Kan coefficient random generation showed that
ammoniacal nitrogen maximum concentrations varied from 0.23 mg.L-1 to 0.39 mg.L-1 when
variation percentage 10% was adopted. Considering more than 400 (four hundred) simulation
results, for Kan values random generation, ammoniacal nitrogen maximum concentrations
varied from 0.26 mg.L-1 to 0.30 mg .L-1, for variation percentages 50% and 90%;
● Adoption of a 10% variation percentage for Knn coefficient values random generation
produced maximum nitrite concentrations ranging from 0.03 mg.L-1 to 0.10 mg.L-1, with
approximately 80% (79.2%) of the maximum concentrations concentrated in the range 0.05
mg.L-1 to 0.08 mg.L-1. The adoption of 50% or 90% variation percentages caused deformation
in frequency histograms, since it produced substantially higher maximum nitrite concentrations.
The use of a 50% variation percentage produced maximum nitrite concentration 0.54 mg.L-1.
The adoption of 90%, in turn, produced a maximum concentration 0.59 mg.L-1.
● Knn coefficient values random generations produced an inverse effect to that produced
on nitrite and nitrate concentrations. The adoption of a 10% variation percentage produced
maximum nitrate concentrations in the range 0.32 mg.L-1 to 0.61 mg.L-1, with approximately
67% of the maximum concentrations in the range 0.43 mg. L-1 to 0.50 mg.L-1. However, the
adoption of 50% and 90% variation percentages established the possibility of nitrite
accumulation without eventual nitrate generation. Considering a 50% variation percentage, for
31 of the 1,000 simulations, the maximum nitrate concentrations were in the range between
zero and 0.07 mg.L-1. The 90% variation percentage produced, for 143 of the 1,000 simulations,
maximum concentrations between zero and 0.11 mg.L-1.

5. CONCLUSIONS
The simulation of the spatial variation of nitrogen compounds, with the incorporation of
uncertainty analysis, allowed the indication of concentration ranges in which organic nitrogen,
ammoniacal nitrogen, nitrite and nitrate maximum concentrations most likely could be. Kinetic
constants random generation with 20% variation percentage and hydrodynamic and water
quality variables with 5% variation percentage produced, for the study area, maximum
concentrations that were most frequently between 0.20 mg.L-1 and 0.22 mg.L-1 (42%)for
organic nitrogen,between 0.28 mg.L-1 and 0.30 mg.L-1 (30%) for ammoniacal nitrogen, between
0.05 mg.L-1 and 0.07 mg.L-1 (49%) for nitrite and from 0.46 mg.L-1 to 0.50 mg.L-1 (37%) for
nitrate.
Estimated maximum concentrations for ammonia nitrogen, nitrite and nitrate did not
exceed the environmental quality standards established by CONAMA Resolution 357/2005 for
Class 2 watercourses.
The adoption of different variation percentages in the random generations of kinetic
constants that regulate organic nitrogen decay did not influence significantly the organic
nitrogen and ammoniacal nitrogen maximum concentrations extreme values.The adoption of
higher variation percentage values (50% and 90%) for the random generation of the kinetic
constants that regulate the ammoniacal nitrogen and nitrite decay caused significant changes in
the maximum ammoniacal nitrogen, nitrite and nitrate concentration values and frequency
histogram forms. In some simulations, production of the most oxidized forms of nitrogen was
not observed.
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ABSTRACT
Consumption of non-potable water is a relevant public health problem due to the possibility
of transporting numerous chemical and microbiological contaminants. In 2005, the Brazilian
Ministry of Health created the National Program of Surveillance in Environmental Health
related to the Quality of Water for Human Consumption (VIGIAGUA), with the primary
purpose of managing risks related to water supply to human populations in Brazilian territory.
However, VIGIAGUA does not have a methodology capable of characterizing or managing
risks. The objective of this research is to create a working model to transform raw data into
conceptual data related to low-, medium- and high-risk levels. The data used in the application
of the model were obtained through the analyses of water-quality surveillance conducted by the
Regional Health Management of Itabira, a municipality with less than 10 thousand inhabitants,
whose history of water contamination is alarming. Twelve samples/month were collected
between May 2017 and April 2018. The results of the treated water analyses were classified
according to the presence of hazards and categorized into risk levels. The results showed 83.3%
contamination by total coliforms at the treatment plant and 91.6% in the distribution system.
The Escherichia coli contamination was 16.7% in the treatment plant samples and 45.2% in the
distribution system. The system was categorized as "High Risk". The analysis of untreated
water samples was carried out for the purpose of knowing the contamination pattern of the raw
water of the region, finding 100% contamination by total coliforms and 97.2% contamination
by E. coli.
Keywords: surveillance health, water analysis, water quality.

Avaliação de perigos e categorização do grau de risco microbiológico
em um sistema de tratamento e distribuição de água localizado em um
município do interior de Minas Gerais, Brasil
RESUMO
O consumo de água não potável é um relevante problema de saúde pública devido à
possibilidade de veiculação de inúmeros contaminantes químicos e microbiológicos. Em 2005,
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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o Ministério da Saúde Brasileiro criou o Programa Nacional de Vigilância da Qualidade da
Água para Consumo Humano (VIGIAGUA), com a finalidade primordial de gerenciar riscos
relacionados ao fornecimento de água a populações humanas no território brasileiro. Entretanto,
o VIGIAGUA não possui uma metodologia capaz de caracterizar ou gerenciar riscos. O
objetivo desta pesquisa é criar um modelo de trabalho para transformar dados brutos em dados
conceituais relacionados aos níveis de risco classificados em baixo, médio e alto. Os dados
utilizados na aplicação do modelo foram obtidos de um município com menos de 10 mil
habitantes, adscrito à gerência Regional de Saúde de Itabira, cujo histórico de contaminação da
água é alarmante. Foram coletadas 12 amostras/mês entre maio de 2017 e abril de 2018. Os
resultados das análises de água tratada foram classificados segundo a presença de perigos e
categorizados em níveis de risco. Os resultados apresentaram 83,3% de contaminação por
coliformes totais na saída do tratamento e 91,6% na rede de distribuição. A contaminação por
Escherichia coli foi de 16,7% nas amostras da saída do tratamento e 45,2% na rede de
distribuição. O sistema foi categorizado em “Alto Risco”. A análise de amostras de água não
tratada foi realizada com a finalidade de conhecer o padrão de contaminação da água bruta da
região, resultando em 100% de contaminação por coliformes totais e 97,2% de contaminação
por E. coli.
Palavras-chave: análise da água, qualidade da água, vigilância em saúde.

1. INTRODUCTION
Water is an essential resource for human life and its availability on land is increasingly
scarce. Of the water resources available on the planet, only 3% are fresh water, and of these,
only 0.01% can be used for human consumption, after adequate treatment. This little availability
of water is constantly threatened by human action, mainly through runoff resulting from
agricultural and industrial activities, which can lead to contamination of groundwater by heavy
metals. In addition to chemical contamination, the microbiological quality of the water must be
suitable for human consumption (Saleh et al., 2018).
Global potable water guidelines recommend that faecal indicator bacteria, preferably
Escherichia coli, should not be detectable in any 100 mL sample aliquot. However, worldwide
water quality reports describe faecal contamination in water sources for human consumption,
especially in low-income countries, where supply systems are not sufficient to contain the
viability of microorganisms in water, favoring the occurrence of diarrheal diseases (Bain et al.,
2014).
In the Brazilian scenario, the rate of diarrhea among children under five years has declined
in the last decades, from 1,346,506 records in 1998 to 511,893 in 2015, attributed to better
vaccine coverage and optimization of water resources management (Oliveira et al., 2017).
The relevance of efficient water resource management and potable water supply in the
global burden of disease was recognized by the World Health Organization in 2013 through
goal 7c of the Millennium Development Goals. This goal determined that by 2015 the
proportion of the world's population without sustainable access to potable water needed to be
reduced to 50.0% (Gnetry-Shields and Bartram 2014).
In Brazil, monitoring of the quality of water distributed to the population is attributed to
the Unified Health System (SUS), carried out through the National Program for Monitoring
Water Quality for Human Consumption - VIGIAGUA (Brasil, 2005), with the decentralization
of actions to the State and Municipal Health Secretariats. In the State of Minas Gerais, the
Program is executed by the State Secretariat of Health and Regional Health Units (URS) and in
the municipalities, by the Municipal Health Secretariats.
The program aims to carry out risk analysis associated with the consumption of
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contaminated water, by monitoring the basic parameters related to the presence of total
coliforms/E. coli, turbidity index and residual chlorine. However, it does not have methodology
to characterize the risks in the work routine of health surveillance.
For the reasons presented and with the perspective of contributing to overcome the
challenges of VIGIAGUA and improve the Program, this paper proposes a hazard assessment
and categorization of microbiological risks associated with a water supply system, located in a
mining municipality with less than 10.000 inhabitants, assigned to the Regional Health
Management of Itabira (an agency linked to the State Health Department of Minas Gerais,
Brazil), using the model suggested by Carmo et al. (2008).

2. MATERIALS AND METHODS
The methodologies used in this work are described in the American Water Works
Association (AWWA) and Water Environment Federation (WEF), American Public Health
Association (APHA), the American Water Works Association (AWWA) and the Standard
Methods for the Examination of Water and Wastewater, as determined in Article 22 of
Ordinance/MS 2.914/2011 (Brasil, 2011).
The Brazilian municipalities must comply with a minimum sampling plan for the
evaluation of parameters of turbidity, free residual chlorine, total coliforms and E. coli,
considered basic indicators of the microbiological quality of water for human consumption. The
municipality object of this study has a population between 5,001 and 10,000 inhabitants, so
according to VIGIAGUA guidelines, nine monthly samples were analyzed. Priority areas for
sample collection were selected according to the points that historically presented the highest
frequency of contamination and in accordance with the guidelines of the Brazilian Ministry of
Health, prioritizing public areas with large circulation of people (health units, schools, hospitals,
etc.) (Brasil, 2016). Two fixed points were defined at the exit of treatment for each of the two
existing water treatment systems. Another 14 variable points were sampled alternately each
month. Therefore, in the urban area, 9 samples/month were collected, 2 fixed points (treatment
plants) and 7 at variable points, alternating between even and odd months. In addition, three
additional collections were carried out in a locality considered to be an isolated urban area,
whose water supply does not receive any type of treatment, and is only collected, stored and
distributed. For these samples, the parameters of turbidity, total coliforms and E. coli were
evaluated. The collections were carried out between the months of May/2017 and April/2018.
The technique of collecting and transporting the samples followed the "Item 5.4.4" of the
Ezequiel Dias Foundation's Collection Manual (FUNED), under the register "NUMBER:
DIOM-DIVISASGA-MQ 0001. Samples for analysis of total coliforms and E. coli were
collected in sterile plastic bags containing sodium thiosulfate tablets for neutralization of
chlorine. After collection, the pockets were packed in thermal boxes cooled with recyclable ice,
kept at a temperature between 2°C to 8°C and transported to the GRS-Itabira laboratory within
22 hours.
The methodology for the identification of total coliforms and E. coli was based on the
chromogenic substrate. The technique uses the hydrolyzable substrates ortho-nitrophenyl-β-Dgalactopyranoside (ONPG) and 4-umbelliferyl-β-D-glucuronide (MUG) for simultaneous
detection of total coliforms (β-D-galactosidase) and E. coli (β-glucuronidase), identifying the
bacteria through the yellow coloration resulting from ONPG hydrolysis, and fluorescence
resulting from the hydrolysis of MUG seen under long wavelength UltraViolet light (365nm),
(APHA et al., 2012).
The method used to determine free residual chlorine (CRL) is based on the oxidation of N,
N-diethyl-p-phenylenediamine (DPD) by chlorine, resulting in a rosy solution with intensity
proportional to the concentration of free chlorine Soares et al. (2016). To measure the
concentration of CRL, a Policontrol® digital colorimeter was used, the procedures are
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described in the manufacturer's manual.
The turbidimetric analyses were performed using the Policontrol® digital Turbidimeter,
respecting the procedures described in the manufacturer's manual.
Hazard assessment and categorization of the degree of risk was performed as suggested by
Carmo et al. (2008) and described in the conclusion item (Table 1).
Table 1. Frequency of contamination by total coliforms in treated water
samples in the priority collection areas between May/2017 and April/
2018 of the Municipality studied-MG.
Priority areas
School – 2
Department of Public Administration – 1
Department of Public Administration – 3
Health Center – 1
School – 4
Department of Public Administration – 4
Health Center – 2
TS – 1 Treatment station
TS – 2 Treatment station
School – 1
Department of Public Administration – 2
CRSA
School – 3
Department of Public Administration – 5
Department of Public Administration – 6
Hotel
Total samples collected x positive
Average
Standard deviation

N

n

BITC%

6
6
6
6
6
6
6
12
12
6
6
6
6
6
6
6
108
6.7
2.0

6
6
6
6
6
6
6
10
10
5
5
5
5
5
5
5
97
6.0
1.6

100.0
100.0
100.0
100.0
100.0
100.0
100.0
83.3
83.3
83.3
83.3
83.3
83.3
83.3
83.3
83.3
89.8

N – number of samples collected.
n – number of samples with total coliforms.
BITC% – Bacteriological index of contamination by total coliforms.

The collected data were evaluated according to collection indicators (CI), related to the
minimum sampling plan for the three basic parameters, bacteriological index (BI) (total
coliforms and E. coli), turbidity index (TI) and index of free residual chlorine (IFRC) according
to the formulas below:
𝐶𝐼(%)
=

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑖𝑛 𝑣𝑎𝑟𝑖𝑜𝑢𝑠 𝑝𝑎𝑟𝑡𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑝𝑝𝑙𝑦 𝑠𝑦𝑠𝑡𝑒𝑚
𝑥 100
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑡𝑜 𝑏𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑝𝑙𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑁𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑣𝑒 𝑜𝑓 𝑉𝐼𝐺𝐼𝐴𝐺𝑈𝐴

𝐵𝐼(%) =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑤𝑖𝑡ℎ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑙𝑖𝑓𝑜𝑟𝑚𝑠 𝑜𝑟 𝐸. 𝑐𝑜𝑙𝑖
𝑥 100
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑇𝐼(%) =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑡ℎ𝑎𝑡 𝑚𝑒𝑒𝑡 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑥 100
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝐼𝐹𝑅𝐶(%) =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑚𝑒𝑒𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝑓𝑟𝑒𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑐ℎ𝑙𝑜𝑟𝑖𝑛𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑥 100
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

Pearson's chi-square test (pValue 0.05) was used to evaluate statistical significance in the
dry and rainy periods in relation to the presence of E. coli and total coliforms in samples
collected in the distribution system of the urban area (treated water) and treatment plants.
The Wilcoxon-Mann-Whitney test was applied to evaluate the statistical significance
(pValue 0.05) between the values of the median turbidity results in the distribution system of
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the urban area (treated water) during the rainy and dry periods. In the treatment plants, the test
was applied comparing the whole period of analysis and during the rainy and dry periods.

3. RESULTS AND DISCUSSION
Twelve monthly samples were collected between May 2017 and April 2018, totaling 144
samples, divided into 108 treated and 36 untreated. Among the 108 (N) treated water samples,
89.8% (n = 97) were positive for total coliforms and 38.9% (n = 42) for E. coli, (Tables 1 and
2). All samples showed non-compliance for the IFRC parameter (values <0.2 mg/L recommended value: 0.2 - 2.0 mg/L) and turbidity compliance except School 1, Department
Public Administration 1 and (5 turbidimetric units - Tu) as a function of the sample standard
deviation (Table 3). The microbiological standard determined by Administrative Rule no.
2,914/2011 is the absence of total coliforms in 100 mL of sample at the exit of the treatment,
and in the distribution system (for systems that supply less than 20,000 inhabitants), tolerance
of presence of coliforms in a sample/month. For presence of E. coli there is no tolerance in the
exit and system or distribution. In addition to contamination reaching all sampled collection
points, the most alarming result is the contamination ratio between the treatment outflows and
the distribution system. For total coliforms, there was 83.3% contamination of the samples at
the treatment exit, for the two treatment stations (TS-1 and TS-2) and 91.6% in the distribution
system (Table 1). For E. coli, there was a 16.7% contamination of the samples at the treatment
exit, for the two stations (TS-1 and TS-2), and 45.2% in the distribution system (Table 2).
Table 2. Frequency of contamination by E. coli in samples of treated
water in the priority collection areas between May 2017 and April 2018
of the Municipality studied - MG.
Priority areas
School – 2
Health Center – 1
Health Center – 2
Department of Public Administration – 2
CRSA
Department of Public Administration – 3
Department of Public Administration – 4
School – 1
TS – 1 Treatment station
TS – 2 Treatment station
Department of Public Administration – 1
School – 3
School – 4
Department of Public Administration – 5
Department of Public Administration – 6
Hotel
Total samples collected x positive
Average
Standard deviation

N

n

BIEc%

6
6
6
6
6
6
6
6
12
12
6
6
6
6
6
6
108
6.7
2.0

6
5
5
4
4
3
3
2
2
2
1
1
1
1
1
1
42
2.6
1.7

100.0
83.3
83.3
66.7
66.7
50.0
50.0
33.3
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
38.9

N – number of samples collected
n – number of samples with E. coli
BIEc% – Bacteriological index of contamination by E. coli

The presence of total coliforms and E. coli in the water supply and distribution system
persisted throughout the study months, and from July 2017 total coliform contamination was
present in all samples analyzed. For E. coli, the highest frequencies of contamination were
observed during the rainy season, between November and March (Santos and Garcia, 2016),
especially in November/2017, January and February 2018, where percentage of contamination
Rev. Ambient. Água vol. 15 n. 3, e2450 - Taubaté 2020
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were 55.5%, 100.0% and 88.9%, respectively. The result is in agreement with the fact that there
is a consensus that the worsening tendency of water quality in rainy periods is a consequence
of the drag of organic matter and various particles, which protect the microorganisms from
contact with chemical disinfectants, which favors its viability (Gleason and Fagliano, 2017).
The increase in the presence of particulate matter in the rainy season was also observed in the
turbidity results, whose average values, considering all collection points in the urban zone, were
lower in the driest months of the year (May to October 2017 and April of 2018 - 7 months)
when compared to the rainy season months (November 2017 to March 2018 - 5 months)
(Figure 1).
Table 3. Mean and median values of turbidity in samples of treated water by priority
collection areas between May/2017 and April/2018 of the Municipality studied - MG.
Priority areas
School – 1
Department of Public Administration – 1
Department of Public Administration – 3
Health Center – 1
CRSA
TS – 2 Treatment station
Department of Public Administration – 2
Department of Public Administration – 4
Hotel
School – 3
Department of Public Administration – 6
School – 2
Health Center – 2
Department of Public Administration – 5
TS – 1 Treatment station
School – 4
Total samples collected x positive
Average
Standard deviation

N

Ӯ

Ỹ

6
6
6
6
6
12
6
6
6
6
6
6
6
6
12
6
108
6.7
2.0

2.77±4,74
2.20±3,26
1.22±1,19
1.05±0,96
1.05±1,49
0,92±0,88
0,88±0,74
0,70±0,60
0,69±0,51
0,67±0,62
0,65±0,46
0,61±0,62
0,61±0,70
0,59±0,63
0,56±0,65
0,24±0,19

0.95
0.95
0.84
0.80
0.57
0.79
0.79
0.46
0.60
0.48
0.55
0.49
0.34
0.35
0.28
0.26

N – number of samples collected
Ӯ – average value
Ỹ – median

Figure 1. Average turbidity in the distribution system between May/2017 to April/2018
in the urban area of the studied municipality.

Microbiological results are a consequence of the inefficiency of chlorination, since
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chlorine concentrations below 1 mg/L favor the formation of biofilms (Liu et al., 2015). A
similar result was demonstrated in the study by Yousefi et al. (2018), who identified an increase
in the viability of total coliforms due to the decrease in the amount of free residual chlorine, in
water for human consumption, in villages in the city of Poldasht, Iran.
In addition, the particulate material, transported through the distribution system as a result
of non-existent or inadequate filtration processes, can deposit in the bottom of the tubes, and
the inlaying of particles and materials with nutritive potential also favor the formation of
biofilms, facilitating the viability and dissemination of potentially pathogenic agents (Liu et al.,
2013).
Although Administrative Rule no. 2,914/2011 recommends that the pH of the water be
maintained in the range of 6.0 to 9.5 in the distribution system, the ideal value for disinfection
with chlorinated derivatives is 8.0, because at this value there is an availability of hypochlorous
acid around 35%. When the pH assumes values of 8.5; 9.0 and 9.5; hypochlorous acid becomes
available in the respective percentages of 12%, 5% and 2%, which is insufficient for the
disinfection process (Antonio and Macedo, 2004). During this study, three pH measurements
were performed at a temperature of 26.9°C. Two in samples from treatment station (TS-1), one
before treatment and another post-treatment, and one sample in the distribution system (School
2), whose values were respectively 10.31; 9.10 and 8.95. These results demonstrate that even
with the use of chlorinated disinfectants, if there is no adequate chemical correction of pH in
the treatment plants, the microbiological protection will not be effective.
The structure and functioning of the treatment plants have direct relevance in the results
found. The lack of complete cycle in the treatment (coagulation, flocculation, sedimentation
and filtration), in the case of TS-1, which has only a chlorination process in the Parshall gutter,
does not guarantee the final quality of the product. TS-2 has the physical structure to perform
the complete treatment cycle, but does not use the chemicals necessary for the process, as well
as to promote the dilution of the chlorinated water by TS-1, by opening the floodgates of its
filters, transferring water without treatment for TS-1 reservoirs. The situation is aggravated by
the meeting in the distribution system of the water coming from the two treatment plants, which
makes it difficult to identify the origin and exact water flow.
When comparing the percentage of total coliforms and E. coli of all treated water samples
collected in the urban area between the rainy and dry periods, these were significantly higher
for the two parameters in the rainy season (Figures 2A and 2B). The same statistically
significant difference occurred for the values of the turbidity medians between the two periods
of the year, both for the samples collected from the distribution system (Figure 2C) and those
collected at the exit of the treatment plants (Figure 2D). However, for the annual values of the
turbidity medians between TS-1 and TS-2, there is no statistical difference between them
(Figure 2E), being considered an undesirable result due to oscillations in the rainy season. As
the structural quality of the distribution system is fundamental for the production of drinking
water, knowledge about the ecology of the bioindicator (E. coli) should be considered in the
planning of actions to protect the source. This fact is important because it was initially believed
that this bacterium inhabited exclusively the lower intestinal tract of warm-blooded animals at
a concentration (per gram of feces) between 107-109 CFU in humans and 104-106 CFU in
domestic animals. However, recent studies have shown that E. coli can survive for long periods
of time in soil, sand, sediment and water, in tropical, subtropical and temperate climates, which
facilitates its dissemination in water supply systems and explains the increased contamination
during rainy periods (Jang et al., 2017). In addition, Frick et al. (2018) evaluated the abundance
of E. coli in several groups of animals (homeothermic and poikilothermic), in an alluvial
backwater in Austria, whose results showed the average concentrations of this bacterium in
poikilothermic excreta, close to those found in homeothermic plants, confirming that its
occurrence it is not exclusive to warm-blooded animals.
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The results show the inability of the municipal supply system to contain the presence of
bacteria and other potentially pathogenic agents, such as viruses and protozoa, which constitute
a microbiological hazard for the transmission of these microorganisms (Nabeela et al., 2014).

Figure 2. Percentage of total coliform contamination in the urban area in the rainy and dry seasons
(A), percentage of E. coli contamination in the urban area in the rainy and dry seasons (B), median
turbidity values in the urban area distribution system in the rainy and dry seasons (C), median values
of turbidity measured at plants TP-1 and TP-2 in the rainy and dry seasons (D), median turbidity
values measured at plants TP-1 and TP-2 between May/2017 to April/2018 (E).

Rev. Ambient. Água vol. 15 n. 3, e2450 - Taubaté 2020

Hazard assessment and categorization of microbiological risk …

9

Samples collected in the isolated urban area, where there is no water disinfection, presented
100% contamination by total coliforms and 97.2% E. coli contamination (Table 4). Regarding
turbidity, among the 36 untreated water samples, 8.3% (n = 3) presented unsatisfactory results.
Two samples from the center of reference in social assistance (CRSA) - isolated urban area
(9,05Tu in Nov/2017 and 10,40 Tu in Apr/2018) and one from the Health Center - isolated
urban area (7.69 Tu in nov/2017). The microbiological result of this area shows that the raw
water quality (in nature) of the region represents a systematic danger, challenging and creating
ever greater demands on the treatment system. Another important issue in relation to this area
without water treatment refers to non-compliance with Article 24 of Administrative Rule no.
2,914/2011, which states that "All water for human consumption, supplied collectively, shall
undergo disinfection or chlorination". Through the investigations carried out in loco, no
communication was identified between the sources of abstraction and sanitary effluents that
could contribute to the high index of contamination observed. According to information
provided by the Municipal Environment Department, through the environmental engineer
(technical manager), the municipal headquarters and the isolated urban area have adequate
sewage treatment legislation. This information was verified by consulting the Brazilian Institute
of Geography and Statistics website (https://ibge.gov.br/), whose registration confirms that the
municipality has an adequacy of 88.6% of sewage.
Table 4. Frequency of contamination by E. coli, mean and median values of
turbidity in samples of untreated water in the priority collection areas between
May/2017 and April/2018 of the Municipality studied - MG.
Áreas prioritárias

N

nEc

IBEc%

Ӯ

Ỹ

Health Unit – Isolated urban area
School – Isolated urban area
CRSA – Isolated urban area
Total samples collected x positive

12
12
12
36

12
12
11
35

100.0
100.0
91.7
97.2

1.56±2.09
1.10±1.09
2.25±3.54

1.28
0.53
0.86

N – number of samples collected
nEC – number of samples with E. coli
BIEc% – Bacteriological index of contamination by E. coli
Ӯ – average value - turbidity
Ỹ – median - turbidity

Therefore, the high level of microbiological contamination present in the water of human
consumption of this municipality can be directly associated with the absence of conventional
treatment, inadequate structural flow of the treatment system, also considering the lack of use
of chemical products like flocculants and pH correctors , besides the physical conditions of the
pipes in the distribution, which do not have routine maintenance/prevention of corrosion or
periodic replacement of old pipes, conditioning the formation of biofilms.

4. CONCLUSION
The results demonstrated the inability of the water treatment system analyzed to
neutralize the presence of bacteria and other potentially pathogenic agents, like viruses and
protozoa, which constitutes a microbiological hazard for their transmission. Therefore, the
development of the methodology presented in this study is necessary to categorize the levels of
risk associated with the hazard and to advise on the identification of flaws in the water treatment
and distribution systems of this municipality, in order to promote corrective actions in water
supply (Chart 1). The methodology used can be applied in the work routine of public health
surveillance in other municipalities, as an instrument for monitoring water contamination for
human consumption and allowing quick and adequate responses in the planning of
governmental actions.
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Chart 1. Categorization of the risk associated to water consumption in the studied municipality,
evaluated according to the presence or absence of hazards.
Aspects related to the potability standard
Rated item

Treatment effect

Distribution system

Compliance with the minimum
sampling plan - total coliforms

Meets 100%

Meets 100%

Compliance with the minimum
sampling plan - free residual
chlorine

Meets 100%

Meets 100%

Compliance with the minimum
sampling plan - turbidity

Meets 100%

Meets 100%

Evaluation of the bacteriological
quality of water: total coliforms

83.3%
Presence

91.6%
Presence

Evaluation of bacteriological
quality of water: E. coli

16.7%
Presence

45.2%
Presence

Evaluation of water quality:
turbidity

24 samples analyzed. 6 samples
above 1Tu = 25%

2 samples above 5Tu

Does not attend

Does not attend

Evaluation of water quality: free
residual chlorine

Aspects of a general nature - Statistical treatment
Statistically significant difference for the
presence of total coliforms in the distribution
system in treated water area during rainy/dry
periods

Unwanted outcome

Statistically significant difference for the
presence of E. coli in the distribution system in
treated water area in the rainy/dry periods

Unwanted outcome

Statistically significant difference for turbidity in
the distribution system in the area with treated
water in the rainy/dry periods

Unwanted outcome

Statistically significant difference for turbidity
between TS-1 and TS-2 in rainy/dry periods

Unwanted outcome

Statistically significant difference for turbidity
between TS-1 and TS-2 (May/ 17 to Apr/18)

Unwanted outcome
High risk
Subtitle:

Low risk

Medium Risk

High risk

Attendance to all basic parameters of potability in
the treatment exit and distribution system
Attendance to all the basic parameters of potability
at the treatment exit, associated to the no attendance
of the parameter for total coliforms in the
distribution system.
Non-compliance with the defined parameter for E.
coli.
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ABSTRACT
This study sought to create a better fermentation medium to maximize lactase production
by Saccharomyces fragilis IZ 275 using different carbon sources, including reconstituted
powdered cheese whey. A factorial design 24 was applied to evaluate the significant effects of
variables which compose the fermentation medium. Then, a steepest descent-ascent design was
applied to obtain the maximum activity. A Rotational Central Composite Design (RCCD) 24
was made to optimize the fermentation medium. We verified that the cheese whey, a by-product
of the dairy industry, can be employed as an excellent fermentation medium by yeast, within
the bioeconomy concept and used by the dairy industry as product with additional value. The
employed methodology is an efficient tool in the optimization process for β-galactosidase
production. In the optimized fermentation medium, the maximum production of β-galactosidase
(54.68 U/mL) by S. fragilis IZ 275 is obtained with 14 g/L sucrose, 17.7 g/L reconstituted
powdered cheese whey, 5.14 g/L yeast extract and 8.85 g/L peptone.
Keywords: β-galactosidase, Cheese whey, environmental damage.

Produção de lactase por Saccharomyces fragilis IZ 275 usando
diferentes fontes de carbono
RESUMO
O presente trabalho teve como objetivo estudar a melhor composição do meio de
fermentação para máxima produção de lactase por Saccharomyces fragilis IZ 275 usando
diferentes fontes de carbono incluindo o soro de queijo em pó reconstituído. Primeiramente,
um delineamento fatorial 24 foi aplicado para verificar dentre as variáveis estudadas as que
apresentavam efeito significativo. Logo após, foi aplicado um delineamento de máxima
inclinação ascendente e máxima inclinação descendente para obter a máxima atividade. Para
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

2

Alessandra Bosso et al.

otimizar o meio de fermentação, foi então, realizado um delineamento Composto Central
Rotacional (DCCR) 24. Foi observado que o soro de queijo, um subproduto da indústria de
lacticínios, e altamente poluidor para o meio ambiente, pode ser empregado como excelente
meio de fermentação por leveduras, dentro do conceito de bioeconomia com valor agregado. O
emprego da metodologia é uma ferramenta eficiente para otimizar o processo de produção da
β-galactosidase. No meio de fermentação otimizado, a máxima produção de β-galactosidase
(54,68 U/mL) por S. fragilis IZ 275 é obtida com 14 g/L sacarose, 17,7 g/L soro de queijo em
pó reconstituído, 5,14 g/L extrato de levedura e 8,85 g/L peptona.
Palavras-chave: β-galactosidase, impacto ambiental, soro de queijo.

1. INTRODUCTION
β-D-galactosidase (EC 3.2.1.23; β-D-galactoside galactohydrolase) or lacatase has several
applications in the food industry (Jones et al., 2017). It is an intracellular enzyme that
hydrolyzes lactose, a disaccharide present in milk and dairy products, into its two
monosaccharides units, galactose and glucose, which are easily absorbed in most organisms,
including humans (Anisha, 2017; Panesar et al., 2006). Some people are lactose intolerant and
cannot digest lactose properly due to an inactive intestinal lactase enzyme. Common symptoms
of lactose intolerance are intestinal-dysfunction gas, abdominal pain, and diarrhea. The sugar
is found in mammalian milk at a concentration of 3-8% (w/v), and has low solubility and
sweetness. (Perini et al., 2013; Cardoso et al., 2017).
One of the main sources for the production of lactase are yeasts (Mlichová and Rosenberg,
2006) by the submerged fermentation process (Anisha, 2017). Several factors influence the
production of lactase, such as temperature, pH, incubation time and fermentation medium. The
optimization of the fermentation medium is critical for β-galactosidase production (Jones et
al., 2017). and some works have described these factors that influence the β-galactosidase
production (Karlapudi et al., 2018; Venkateswarulu et al., 2017). However, the best
composition of fermentation medium for maximizing the lactase production by yeast has not
been yet developed.
Cheese whey produced during cheese-making or during the coagulation of milk casein
process presents as principal components, lactose (70–72% of the total solids), whey proteins
(8%–10%) and minerals (12–15%) (Yadav et al., 2015). Over the last few decades, the dairy
industry has explored different alternatives to exploit the valuable components of cheese whey.
The world production of whey (El-Tanboly et al., 2017) is estimated to be around 180 to 190 x
106 ton / year, and causes serious socio-economic and environmental problems, since much of
this amount is discarded in the environment. Furthermore, Lopes et al. (2018) found that, in
comparison to domestic sewage, cheese whey can be 100 times more polluting. One alternative
to help remediate these problems would be the application of cheese whey as the fermentation
medium for lactase production by microorganisms within the concept of circular economy or
bioeconomy (Ranta et al., 2018; López-Gómez et al., 2019). This will promote the integration
of economic activities and environmental wellbeing in a sustainable way.
Considering these aspects, we studied the creation of a better composition of fermentation
medium to maximize lactase production by Saccharomyces fragilis IZ 275 using different
carbon sources, including reconstituted powdered cheese whey.

2. MATERIAL AND METHODS
2.1. Microorganism and inoculum
Saccharomyces fragilis IZ 275 yeast was used for the study and collected in the Collection
of Tropical Cultures (WDCM 69 885 number). The yeast was maintained in tubes containing
Rev. Ambient. Água vol. 15 n. 3, e2474 - Taubaté 2020
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PDA (Potato Dextrose Agar, Acumedia) and stored at 4°C, and was reactivated in a medium
containing (w/v) malt extract (2%) yeast extract (0.5%) autoclaved at 121°C for 15 min and
then incubated at 30°C for 48 h on an orbital shaker (Tecnal®, TE-420). The inoculum was
performed by using a Neubauer chamber at a count of 1 x 107 cells/mL. An inoculum
concentration of 10% v/v was used in relation to the culture medium.
2.2. Extraction and analysis of β-galactosidase
Samples of 80 mL fermentation medium were centrifuged (Eppendorf centrifuge 5804R,
Germany) under conditions of 27,200 x g, 4°C for 5 min. The supernatant was resuspended in
0.1 M phosphate buffer, pH 6.6, and centrifuged again under the above conditions. The new
precipitate was solubilized in 10 mL of the same buffer, to which 0.2 mL of chloroform was
added. This mixture was incubated at 37°C under agitation of 150 rpm for 17 h. The suspension
was then centrifuged and the supernatant used to determine the enzymatic activity. The
enzymatic activity was determined using the o-nitrophenyl-β-D-galactopyranoside substrate
(ONPG) following the methodology described in the Food Chemical Codex (National Academy
of Sciences, 1996) with some modifications. The ONPG (1.25 mM) substrate dissolved in 0.05
M sodium phosphate buffer (pH 7.0) was used. The amount of substrate and enzyme used were
2 mL and 0.5 mL, respectively. At the time zero, 0.5 mL of enzyme solution was added to the
ONPG solution and incubated for 5 min. The assay was stopped by the addition of 0.5 mL
sodium carbonate 1 M, and the absorbance was determined in spectrophotometer (Biochrom
libra S22 Cambridge England) at 420 nm. One enzymatic unit was defined as the quantity of
enzyme that would liberate 1 mM of o-nitrophenol from ONPG per minute under the assay
conditions. Enzymatic unit was calculated using the following Equation 1:
Unit/mL = A x dilution factor/ɛ x time x enzyme solution

(1)

Where A was the absorbance at 420 nm, dilution factor was the fold dilution of the enzyme
solution, enzyme solution was the amount of enzyme (mL) undergoing the reaction, ɛ was the
extinction coefficient (determined from the o-nitrophenol standard curve) and time was the
incubation time (15 min).
2.3. Experiment 1: screening experiments to investigate the composition of medium
fermentation
First, initial experiments were performed to evaluate the significant effects of variables
which compose the fermentation medium used for β-galactosidase production by
Saccharomyces fragilis IZ 275 yeast. A factorial design 24 was applied with eight variables and
three replicates at the central point totaling 19 assays. The coded independent variables (x1, x2,
x3, x4, x5, x6, x7 and x8) and uncoded variables (X1 = g/L lactose, X2 = g/L sucrose, X3 = g/L
glucose, X4 = g/L cheese whey, X5 = g/L yeast extract, X6 = g/L peptone, X7 = g/L MgSO4 and
X8 = g/L K2HPO4) are shown in Table 1 with their variation levels.
The fermentation media were run in 250 mL Erlenmeyer flasks containing 100 mL of each,
incubated on the orbital shaker (Tecnal, TE-420) at 180 rpm and with pH initial 6.8, at 30°C
temperature for 72 h according to the literature (Kumar et al., 2012). The β-galactosidase
production was evaluated in terms by β-galactosidase activity and its response function as
follows: Y1 (β-galactosidase activity, U/mL). The model equation was as follows: Y1 = β0 +
β1x1 + β2x2 + β3x3 + β4x4+ β5x5 + β6x6 + β7x7+ β8x8 + e
Where Y1 (response function), x1, x2, x3, x4, x5, x6, x7 and x8 (coded variables), β (estimated
coefficients for each term of the response surface model). The response functions (Y1) were
used to perform regression analyses and analysis of variance (ANOVA) for the regression and
were performed using STATISTICA 7.0 software (StatSoft Inc., 2007).
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Table 1. Independent variables and levels of variation in factorial
design 24.
Independent Variables

Levels
-1

0

1

Lactose (g/L) X1
Sucrose (g/L) X2

1
1

5.5
5.5

10
10

Glucose (g/L) X3

1

5.5

10

Cheese whey (g/L) X4

1

5.5

10

Yeast extract (g/L) X5

0.5

2.75

5

Peptone (g/L) X6

0.5

2.75

5

MgSO4 (g/L) X7
K2HPO4 (g/L) X8

0.5
0.5

2.75
2.75

5
5

2.4. Experiment 2: Method of steepest ascent-descent design to investigate the maximum
increase of β-galactosidase activity
From the results of factorial design and to obtain the maximum increase of β-galactosidase
activity, a steepest descent-ascent design was applied (Montgomery, 2011). The independent
variables were stabilized as follows: sucrose and cheese whey ranged from 6 to 16 g/L; yeast
extract, peptone and MgSO4 ranged from 2 to 8 g/L; the variables lactose and glucose ranged
from null to 10 g/L and K2PHO4 ranged from null to 5 g/L (Table 2).
2.5. Experiment 3: Rotational Central Composite Design (RCCD) 24 to optimize the
medium fermentation to β-galactosidase production and model validation
From the results of steepest ascent-descent design and to optimize the fermentation
medium for β-galactosidase production, a third experiment was performed. In this third step, a
Rotational Central Composite Design (RCCD) 24 was applied with two central points and eight
axial points, for orthogonal, totaling 26 assays. The coded independent variables (x1, x2, x3, x4)
and uncoded variables (X1 = sucrose g/L, X2 = cheese whey g/L, X3 = yeast extract g/L and X4
= peptone g/L) are shown in Table 3 with their variation levels. The coded independent
variables (x5, x6, x7, x8) and uncoded variables (X5 = lactose g/L, X6 = glucose g/L, X7 = MgSO4
g/L and X8 = K2HPO4 = g/L) that did not show significance in the factorial design were
stabilized according to the steepest ascent-descent design (Table 2).
For each assay, the fermentation media were run in 250 mL Erlenmeyer flasks containing
100 mL of each, incubated on the orbital shaker (Tecnal, TE-420) at 180 rpm and with pH initial
6.8 at 30°C temperature for 72 h. β-galactosidase production was evaluated in terms of βgalactosidase activity by its response function as follows: Y2 (β-galactosidase activity, U/mL).
The model equation was as follows: Y2 = β0 + β1x1 + β2x2 + β3x3 + β4x4 + β11 x12 + β22 x22 + β33
x32 + β44 x42 + β12 x1x2 + β13 x1x3 + β14 x1x4 + β23 x2x3 + + β24 x2x4 + β34 x3x4 +e .
Where Y2 (response function), x1, x2, x3 and x4 (coded variables), β (estimated coefficients
for each term of the response surface model) and e = pure error. The response functions (Y2)
were used to perform regression analyses and analysis of variance (ANOVA) for the regression.
The equation model was fitted to experimental data to yield the proposed model. Response
surface graphs were generated. All executed analysis and response surfaces were performed
with STATISTICA 7.0 software (StatSoft Inc., 2007). After response surface analysis for
maximum β-galactosidase activity, the proposed model was validated by performing new
assays in triplicate. The results (Yexp.) were compared with the estimated response (y^1) by
Student’s t-test (p < 0.05).
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Table 2. Steepest ascent-descent design to the maximum increase in terms of β-galactosidase production.
Assays

Sucrose
g/L

Whey Cheese
g/L

Yeast extract
g/L

Peptone g/L

MgSO4
g/L

Lactose g/L

Glucose g/L

K2PO4
g/L

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

6
8
12
14
16
6
8
12
14
16
6
8
12
14
16
6
8
12
14
16

6
8
12
14
16
6
8
12
14
16
6
8
12
14
16
6
8
12
14
16

2
4
6
7
8
2
4
6
7
8
2
4
6
7
8
2
4
6
7
8

2
4
6
7
8
2
4
6
7
8
2
4
6
7
8
2
4
6
7
8

2
4
6
7
8
2
4
6
7
8
2
4
6
7
8
2
4
6
7
8

10
10
10
10
10
1
1
1
1
1
5.5
5.5
5.5
5.5
5.5
null
null
null
null
null

10
10
10
10
10
1
1
1
1
1
5.5
5.5
5.5
5.5
5.5
null
null
null
null
null

5
5
5
5
5
0.5
0.5
0.5
0.5
0.5
2.75
2.75
2.75
2.75
2.75
null
null
null
null
null

5
1
1
1
β-galactosidase activity
1

5

U/mL
17.21
34.84
26.98
39.81
27.03
1.57
13.51
19.61
23.36
20.84
10.67
18.61
16.25
18.61
13.46
2.46
7.09
13.29
14.12
17.39

Table 3. Independent variables and levels of variation in RCCD 24.
Levels
Independent Variables
-1.48

-1

0

1

1.48

Sucrose (g/L) X1

10.29 11.5 14 16.5

17.70

Cheese Whey (g/L) X2

10.29 11.5 14 16.5

17.70

Yeast Extract (g/L) X3

5.14

5.75

7

8.25

8.85

Peptone (g/L) X4

5.14

5.75

7

8.25

8.85

Rev. Ambient. Água vol. 15 n. 3, e2474 - Taubaté 2020

6

Alessandra Bosso et al.

3. RESULTS AND DISCUSSION
3.1. Factorial design 24 to investigate the composition of fermentation medium
The first experiment was performed using a factorial design of 24 for evaluating the effects
of significant variables which compose the fermentation medium of Saccharomyces fragillis IZ
275 during β-galactosidase production. According to ANOVA and regression analysis, only the
independent variables X4 (cheese whey) and X5 (yeast extract) were shown to have a significant
effect on the response function Y1 (β-galactosidase activity, U/mL). None of the other
independent variables had a significant effect and the coefficient of determination (R2) was
0.75. The proposed model could be described as follows:
Y1 = 6.23 + 5.58 x4 + 8.72x5. Thus, the β-galactosidase activity was 20.53 U/mL. The
highest β-galactosidase activity (Y1) was obtained in the assay 16 (Y1 = 28.42 U/mL) (Table 4)
when the independent variables were shown in the maximum levels. This correspond to using
X1 (lactose); X2 (sucrose); X3 (glucose) and X4 (cheese whey) at a concentration of 10 g/L and
while using X5 (yeast extract), X6 (peptone), X7 (MgSO4) and X8 (K2HPO4) at 5 g/L
concentration. This observation suggested that, although not significant to the model, the
investigated variables influenced the β-galactosidase activity. It was decided to make a new
regression analysis and ANOVA including only the significant independent variables. Our
results confirmed that the response function Y1 decreased (data not shown), indicating that the
other independent variables (x1, x2, x3, x6, x7 and x8) were not in their optimal regions earlier
and they were important to explain the model. The complete model can now be described as
follows: Y1 = 6.23 + 0.21x1 + 3.23x2 + 0.94x3 + 5.58x4 + 8.72x5 + 3.81x6 + 4.70x7 - 0.55x8.
3.2. Method of steepest ascent-descent design to investigate the maximum increase in the
β-galactosidase production
According to the results of the steepest ascent-descent design (Table 2), it was observed
that assay 4 yielded maximum value for β-galactosidase activity (39.81 U/mL). This
corresponds when, the concentration of independent variables sucrose (X2) and cheese whey
(X4) were 14 g/L, yeast extract (X5), peptone (X6) and MgSO4 (X7) were 7 g/L and lactose (X1),
glucose (X3) and K2HPO4 (X8) were at a concentration of 10 g/L, 10 g/L and 5 g/L, respectively
i.e. when present at their maximum levels. Also, the values of β-galactosidase activity were
lower (1.57 U/mL and 2.46 U/mL, respectively) when the levels of independent variables
decreased, as shown in assays 6 and 16. The results from the steepest ascent-descent design
and from factorial design 24 suggest that the non-significant independent variables (lactose,
sucrose, glucose, peptone, MgSO4 and K2HPO4) contribute to the increase in β-galactosidase
production. Therefore, to optimize the composition of fermentation medium for the βgalactosidase production and the model validation, all variables were considered.
3.3. Rotational Central Composite Design (RCCD) 24 to optimize the fermentation
medium to the β-galactosidase production by Saccharomyces fragilis IZ 275 and model
validation
ANOVA and regression analysis were used to evaluate the effects of variables X1 (sucrose,
g/L), X2 (whey cheese, g/L), X3 (yeast extract, g/L) and X4 (peptone, g/L). The linear effects of
variables X1, X2, X3 and X4 were found to be significant. The quadratic effects of variables X2
and X3 and the interactions among the variables X1X2, X1X4 and X2X3 were also significant.
According to Table 5 (ANOVA), the model showed a lack of fit, which was not significant (p
> 0.05) and an R2 of 0.77, indicating that 77% of the experimental results adequately matched
the proposed model. Thus, the model can be used for predictive purposes and can be described
as follows: Y2 = 43.54 + 4.97x1 + 4.69x2 – 5.61x22 – 4.96x3 + 4.55x32 + 2.51x4 – 2.84x1x2 –
5.24x1x4 – 2.66x2x3.
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Table 4. Factorial Design 24 to evaluate the fermentation medium and response function Y1 (β-galactosidase activity, U/mL).

7
1
1
1
1

7

Assays

x1(X1)

x2(X2)

x3(X3)

x4(X4)

x5(X5)

x6(X6)

x7(X7)

x8 (X8)

Y1

1

-1(1)

-1(1)

-1(1)

-1(1)

-1(0.5)

-1(0.5)

-1(0.5)

-1(0.5)

1.80

2

1(10)

-1(1)

-1(1)

-1(1)

-1(0.5)

1(5)

1(5)

1(5)

1.01

3

-1(1)

1(10)

-1(1)

-1(1)

1(5)

-1(0.5)

1(5)

1(5)

6.22

4

1(10)

1(10)

-1(1)

-1(1)

1(5)

1(5)

-1(0.5)

-1(0.5)

6.49

5

-1(1)

-1(1)

-1(1)

-1(1)

1(5)

1(5)

1(5)

-1(0.5)

10.63

6

1(10)

-1(1)

1(10)

-1(1)

1(5)

-1(0.5)

-1(0.5)

1(5)

0.20

7

-1(1)

1(10)

1(10)

-1(1)

-1(0.5)

1(5)

-1(0.5)

1(5)

0.71

8

1(10)

1(10)

1(10)

-1(1)

-1(0.5)

-1(0.5)

1(5)

-1(0.5)

2.25

9

-1(1)

-1(1)

-1(1)

1(10)

1(5)

1(5)

-1(0.5)

1(5)

10.74

10

1(10)

-1(1)

-1(1)

1(10)

1(5)

-1(0.5)

1(5)

-1(0.5)

12.51

11

-1(1)

1(10)

-1(1)

1(10)

-1(0.5)

1(5)

1(5)

-1(0.5)

8.21

12

1(10)

1(10)

-1(1)

1(10)

-1(0.5)

-1(0.5)

-1(0.5)

1(5)

0.92

13

-1(1.0)

-1(1)

1(10)

1(10)

-1(0.5)

-1(0.5)

1(5)

1(5)

1.19

14

1(10)

-1(1)

1(10)

1(10)

-1(0.5)

1(5)

-1(0.5)

-1(0.5)

0.66

15

-1(1)

1(10)

1(10)

1(10)

1(5)

-1(0.5)

-1(0.5)

-1(0.5)

11.31

16

1(10)

1(10)

1(10)

1(10)

1(5)

1(5)

1(5)

1(5)

28.42

17

0(5.5)

0(5.5)

0(5.5)

0(5.5)

0(2.75)

0(2.75)

0(2.75)

0(2.75)

7.05

18

0(5.5)

0(5.5)

0(5.5)

0(5.5)

0(2.75)

0(2.75)

0(2.75)

0(2.75)

6.89

19

0(5.5)

0(5.5)

0(5.5)

0(5.5)

0(2.75)

0(2.75)

0(2.75)

0(2.75)

6.93

Considering the complete model, the value of β-galactosidase activity was found to be 32.87 U/mL, and therefore an increase of 62% in the response
was obtained.
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Table 5. ANOVA for β-galactosidase activity produced by Saccharomyces fragilis IZ 275.
Source of variation

SS

DF

MS

F

X1
X12
X2
X22
X3
X32
X4
X42
X1X2
X1X3
X1X4
X2X3
X2X4
X3X4
Lack of Fit
Pure Error
Total SS

126.06
20.46
112.21
76.03
125.64
50.11
32.11
0.40
32.18
7.09
109.68
28.34
0.43
0.19
215.14
0.14
936.20

1
1
1
1
1
1
1
1
1
1
1
1
1
1
10
1
25

126.06
20.46
112.21
76.03
125.64
50.11
32.11
0.40
32.18
7.09
109.68
28.34
0.43
0.19
21.51
0.14

919.43
149.21
818.41
554.53
916.34
365.49
234.17
2.94
234.72
51.68
799.98
206.72
3.12
1.39
156.92

p value*
0.021*
0.052
0.222*
0.027*
0.021*
0.033*
0.042*
0.336
0.041*
0.088
0.022*
0.044*
0.328
0.448
0.062

In Table 6, the β-galactosidase activity in assay 21 was found to be greater (52.84 U/mL)
during which the conditions were as follows: 14 g/L sucrose, 14 g/L cheese whey, 5.14 g/L
yeast extract and 7 g/L peptone. Other variables (lactose, glucose, MgSO4 and K2HPO4) were
stabilized at maximum levels. Assay 1 showed a lower value for β-galactosidase activity (29.62
U/mL), for which all variables analysed were at a minimum level, except for lactose, glucose,
MgSO4 and K2HPO4.
After analyzing the mathematical model, response function Y2 and response surface
(Figure 1a), it was observed that there was a region with maximum β-galactosidase activity
when x1(X1) was -1.48 (10.29 g/L) and x2 is between -1 and +1 or X2 was between 11.5 and
16.5 g/L, suggesting that the cheese whey, rich in lactose, promotes the production of enzyme
by Saccharomyces fragilis IZ 275. In Figure 1b, there is a region in which the β-galactosidase
activity is greater when x1 and x3 is -1.48 or X1 is 10.29 g/L and x3 is 5.14 g/L. Figure 1c
indicates two regions with maximum β-galactosidase activity when x1 is +1.48 or 17.70 g/L
and x4 is -1.48 or 5.14 g/L and the other regions in which x1 is -1.48 (10.29 g/L) and x4 +1.48
(8.85 g/L). In Figure 1d, there is a region which the maximum β-galactosidase activity is
observed when cheese whey, x2, ranged from 0 to 1.48, regardless of yeast extract
concentration; In Figure 1e, the maximum β-galactosidase activity is observed when the x2
ranged from 0 (center point) to + 1.48 and in the Figure 1f when peptone, x4, is 1.48 or X4 is
8.85 g/L.
An assay in triplicate, which coincided with the points (X1 = 13.99 g/L; X2 = 17.7 g/L; X3
= 5.14 g/L and X4 = 8.85 g/L), was performed experimentally, and the result was YM exp. =
54.68 U/mL. The results, which did not differ by the t-test (p > 0.05), confirm the validity of
the proposed model. The results showed that for maximum β-galactosidase production by
Saccharomyces fragilis IZ 275, the following conditions should be used: X1 = 14 g/L, X2 = 17.7
g/L, X3 = 5.14 g/L, X4 = 7 g/L, X5 and X6 = 10 g/L, X7 = 7 g/L and X8 = 5 g/L obtaining the
value of 52.84 U/mL β-galactosidase activity.
The data obtained from the present study draws attention towards two points: 1) the
variables studied are critical for lactase production by Saccharomyces fragilis IZ 275; and, 2)
cheese whey, a by-product of the milk and dairy industry, is an important medium for the
Rev. Ambient. Água vol. 15 n. 3, e2474 - Taubaté 2020
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growth of yeast. Thus, cheese whey could be re-used in the fermentation industry instead of
being discarded as a pollutant as per the concept of the circular economy or bioeconomy (Ranta
et al., 2018; López-Gómez et al., 2019). The maximum β-galactosidase activity (28.42 U/mL)
obtained in factorial design was observed with 10 g/L of lactose, sucrose, glucose and cheese
whey and of variables yeast extract, peptone, MgSO4 and K2HPO4 5 g/L. In the steepest ascentdescent design, the maximum β-galactosidase activity obtained (39.81 U/mL) for sucrose and
cheese whey were 14 g/L, yeast extract, peptone and MgSO4 were 7 g/L, lactose and glucose
were 10 g/L, and for K2HPO4 was 5 g/L . In the optimized conditions, the maximum βgalactosidase activity was 52.84 U/mL and obtained with 17.7 cheese whey, 14 g/L of sucrose,
5.14 g/L of yeast extract, 7 g/L peptone and MgSO4, 10 g/L lactose and glucose and 5 g/L
K2HPO4. The study clearly showed that the Central Rotational Composite Design (CRCC) and
Response Surface (RSM) are efficient tools to optimize the composition of fermentation
medium and lactase production increased 53.78% after optimization.
Table 6. RDCC to optimize the medium fermentation to the β-galactosidase production by Saccharomyces
fragilis IZ 275 and response function Y2 (β-galactosidase activity, U/mL).
Assays

(x1) X1

(x2) X2

(x3) X3

(x4) X4

Lactose

Glucose

MgSO4

K2HPO4

Y2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

(-1) 11.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(1) 16.5
(1) 16.5
(1) 16.5
(1) 16.5
(1) 16.5
(1) 16.5
(1) 16.5
(1) 16.5
(-1.48) 10.29
(1.48) 17.70

(-1) 5.75
(-1) 5.75
(1) 8.25
(1) 8.25
(-1) 5.75
(-1) 5.75
(1) 8.25
(1) 8.25
(-1) 5.75
(-1) 5.75
(1) 8.25
(1) 8.25
(-1) 5.75
(-1) 5.75
(1) 8.25
(1) 8.25
(0) 7
(0) 7

(-1) 5.75
(1) 8.25
(-1) 5.75
(1) 8.25
(-1) 5.75
(1) 8.25
(-1) 5.75
(1) 8.25
(-1) 5.75
(1) 8.25
(-1) 5.75
(1) 8.25
(-1) 5.75
(1) 8.25
(-1) 5.75
(1) 8.25
(0) 7
(0) 7

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

29.62
41.06
33.29
35.73
42.89
51.97
35.47
35.91
51.09
39.92
41.23
42.28
49.35
43.33
44.02
41.67
39.66
42.19

19

(0) 14

(0) 7

(0) 7

10

10

7

5

32.07

20

(0) 14

(-1) 11.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(1) 16.5
(1) 16.5
(1) 16.5
(1) 16.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(-1) 11.5
(1) 16.5
(1) 16.5
(1) 16.5
(1) 16.5
(0)14
(0)14
(-1.48)
10.29
(1.48)
17.70

(0) 7

(0) 7

10

10

7

5

43.85

21

(0) 14

(0) 14

(0) 7

10

10

7

5

52.84

22

(0) 14

(0) 14

(0) 7

10

10

7

5

45.42

23

(0) 14

(0) 14

0

10

10

7

5

36.69

24

(0)14

(0) 14

(0)7

10

10

7

5

50.66

25
26

(0) 14
(0) 14

(0) 14
(0) 14

(0)7
(0)7

10
10

10
10

7
7

5
5

42.19
42.72

(-1.48)
5.14
(1.48)
8.85

(-1.48)
5.14
(1.48)
8.85
(0) 7
(0) 7

X1 (sucrose, g/L); X2 (cheese whey, g/L), X3 (yeast extract, g/L), X4 (peptone, g/L).
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Figure 1. Response surface to β-galactosidase activity as function cheese whey and sucrose (a),
sucrose and yeast extract (b); peptone and sucrose (c); cheese whey and yeast extract (d) and peptone
and yeast extract (e).

It is very important to determine the composition of fermentation medium for maximum
lactase production. There are few studies described in the literature that show the βgalactosidase production using different fermentations. Bosso et al. (2019) worked with
microfiltrated cheese whey permeate as substrate for Saccharomyces fragilis IZ 275 yeast for
the production of beta-galactosidase. Kumari et al. (2019) concluded that the use of cheese
whey for β-galactosidase production improves the economics of the process, and the problems
associated with its disposal. Manera et al. (2008) obtained by CRCC the maximum βRev. Ambient. Água vol. 15 n. 3, e2474 - Taubaté 2020
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galactosidase (10.7 U/mL) activity by K. marxianus CCT 7082 and used as fermentation
medium lactose, yeast extract and (NH4)2SO4. Venkateswarulu et al. (2017) concluded that the
submerged fermentation with Bacillus subtilis strain VUVD001 produced lactase activity of
63.54 U/mL in optimized medium. The authors observed that the activity was threefold higher
in comparison to an unoptimized medium and confirmed that the designed medium was useful
for producing higher yields of lactase. Ahmed et al. (2016) revealed that the strain Lactobacillus
sp. KLSA 22 isolated from cheese whey was the best potential source of lactase. Cheese whey,
a dairy waste, is utilized as a carbon substrate for the enhanced enzyme production at low-cost.
Obviously, the value of β-galactosidase activity can range according to microorganisms, culture
conditions and fermentation medium; however, it was clear from this work that cheese whey is
an excellent culture medium for Saccharomyces fragilis IZ 275 and could be employed by the
food industry for β-galactosidase production. In a recent study, Murari et al. (2019) optimized
bioethanol production from cheese whey using Kluyveromyces marxianus URM 7404. The
authors described that cheese whey can be employed for ethanol production, reducing the
environmental damages caused by this by-product.

4. CONCLUSION
The experimental design methodology applied in this study and the response surface are
efficient tools in the optimization of fermentation medium for β-galactosidase production by
Saccharomyces fragilis IZ 275. In the optimized fermentation medium, the maximum
production of β-galactosidase is obtained. Cheese whey, a by-product of the dairy industry, can
be employed as an excellent fermentation medium by yeast, within the bioeconomy concept
and can be used by the dairy industry as a by-product with additional value.
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ABSTRACT
This study assessed the degradation of bromothymol blue in a Venturi device based on a
hybrid process that combines hydrodynamic cavitation (HC) and hydrogen peroxide (H2O2). A
Rotatable Central Composite Design (RCCD) was used to optimize the following variables:
pressure, reaction time and molar ratio of hydrogen peroxide. Degradation efficiencies were
evaluated based on Chemical Oxygen Demand (COD) and color removals before and after
Venturi treatment. Maximum COD (93.42%) and color (93.28%) removals were observed at
4.0 bar inlet pressure, at a treatment time of 25 minutes and at H2O2/effluent (dye) molar ratio
of 30:1. The hydrodynamic cavitation/hydrogen peroxide system has great potential to remove
normally recalcitrant organic pollutants.
Keywords: advanced oxidation process, rotatable central composite design, Venturi.

Degradação sinérgica do corante azul de bromotimol com cavitação
hidrodinâmica e peróxido de hidrogênio (CH-H2O2)
RESUMO
O objetivo do presente trabalho foi avaliar a degradação do corante azul de bromotimol
em dispositivo Venturi empregando processo combinado: cavitação hidrodinâmica e peróxido
de hidrogênio. O Planejamento Composto Central (PCC) foi utilizado para otimizar as
variáveis; pressão, tempo de reação e proporção molar de peróxido de hidrogênio. Foram
avaliadas as eficiências de degradação a partir das análises da Demanda Química de Oxigênio
(COD) e a remoção de cor antes e após o tratamento no Venturi. Obteve-se a condição de
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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remoção máxima de COD (93.42%) e cor (93.28%) para pressão de entrada de 4.0 bar, com
tempo de tratamento de 25 minutos e proporção molar de H2O2 e efluente (corante) de 30:1. O
sistema de cavitação hidrodinâmica, combinado com peróxido de hidrogênio, tem grande
potencial para remover compostos orgânicos de difícil degradação (inércia química).
Palavras-chave: planejamento composto central, processo oxidativo avançado, Venturi.

1. INTRODUCTION
Dyes are widely used in different sectors such as the food industry, tattooing, textile and
paper production, tanning, and others. A large proportion of the applied dyes are discharged
into water bodies due to nonexistent and/or inadequate industrial wastewater treatment systems.
It is estimated that approximately 2 tons, or about 20%, of all dyes consumed by the Brazilian
textile industry, are annually discarded as effluent (Dallago et al., 2005).
Dyes often damage aquatic ecosystems after reaching water bodies. Among the possible
effects are increased recalcitrant organic levels, visual pollution, acute and chronic toxicity, and
reduced photosynthetic activity due to restrictions to the passage of solar radiation (Saxena et
al., 2018; Mendes et al., 2015).
Dyes are compounds capable of inhibiting the metabolic activity of microorganisms, a fact
that reduces their likelihood of being naturally degraded in the environment. Incomplete
degradation processes can lead to the formation of by-products that are highly toxic to humans
and to aquatic organisms (Dillari et al., 2016).
Given the difficulties in degrading dyes and the environmental damage that can be caused
by them, studies focused on investigating different treatment technologies have been performed
to reduce costs and increase the effective degradation of these compounds. Among the
investigated technologies are ozonation (Ghuge and Saroha, 2018; Santos et al., 2011),
electrochemical (Alves et al., 2014), photodegradation (Castanheira et al., 2017), biological
adsorption (Mendes et al., 2015) and biodegradation (Priya et al., 2015).
Hydrodynamic cavitation (HC) is another promising technique for water/wastewater
treatment which has been receiving interest in recent years. It is a technique with great potential
for several industrial applications and its effectiveness for wastewater treatment has been
demonstrated (Joshi and Gogate, 2019; Batista et al., 2017).
Hydrodynamic cavitation (HC) can be understood as a phenomenon of vapor microbubble
(cavities) formation, growth and implosion (collapse) in the liquid phase. HC is generated by
the passing of liquid through physical constrictions such as orifice plates, a Venturi device, or
partially closed valves (Gagol et al., 2018).
HC produces physicochemical effects that can be used to oxidize pollutants in wastewater.
According to Gomes (2015), imploding bubbles play the part of “micro-reactors” that can reach
extreme temperatures and pressures in a very short period of time, as well as produce the
hydroxyl radical (HO∙), which is one of the most powerful oxidizers and an excellent chain
reaction initiator (Raut-Jadhav et al., 2013). The hydroxyl radical can oxidize virtually all
organic and inorganic pollutants found in wastewater due to the high standard reduction
potential (Eo = 2.8 V) of this species (Araújo et al., 2016).
As a result of the production of HO, a number of researchers consider HC as an Advanced
Oxidation Process (AOP) (Gagol et al., 2018; Parsa and Zonouzian, 2013; Raut-Jadhav et al.,
2013). In addition, the degradation efficiency of HC reactors can be enhanced by the addition
of oxidants such as H2O2 (Saharan et al., 2011), CCl4 (Chakinala et al., 2008) and O3 (Čehovin
et al., 2017). Accordingly, AOPs can be used to treat difficult-to-degrade effluents, as they have
high potential to partially or totally degrade recalcitrant species, and increase biodegradability
for subsequent in biological treatment systems (Maldonado et al., 2007).
Rev. Ambient. Água vol. 15 n. 3, e2518 - Taubaté 2020
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Given the environmental issues that can take place due to the non-degradation of dyes in
wastewater, the discoloration and degradation of bromothymol blue (BTB) dye was
investigated based on the use of HC produced by a Venturi device in combination with H2O2.
The chemical structure of BTB has a cyclic sulfonic ester-bonded aromatic ring and two
bromine atom thymol molecules in the ortho position (Figure 1).

Figure 1. Chemical Structure of BTB.

An experimental procedure using a Rotatable Central Composite Design (RCCD) was
employed to optimize the system parameters for BTB removal, namely: Venturi inlet pressure,
hydrogen peroxide concentration and reaction time.

2. MATERIALS AND METHODS
2.1. Hydrodynamic cavitation system, device and flow characteristics
Figure 2A shows the closed circuit hydrodynamic cavitation system, which consists of a
0.075 m³ capacity tank, 2 serial centrifugal pumps - the first 1.0 HP(KSB, Hydrobloc P) and
the second 1.5 HP (TH16S), flow control valves (V1 and V2), sampling record (R), pressure
gauges (P1 and P2), a Venturi device, and piping and fittings (Ø=32 mm). A copper coil heat
exchanger was inserted into the tank to maintain the temperature constant (35± 1°C). Venturi
inlet (P1) and outlet (P2) pressures were measured with a Full Gauge digital controller (PCT400Ri) with a measuring range of 0 to 34.4 bar. The flow rate was controlled by valves V1 and
V2 and measured through a properly calibrated orifice plate (flow coefficient, Cd, = 0.7). The
Venturi device was made of acrylic and its dimensions are shown in Figure 2B.
Bromothymol blue degradation (BTB) was analyzed at five different inlet pressures (P1):
0.6, 2.0, 4.0, 6.0 and 6.4 bar. Based on HC studies, the inlet pressure is one of the most important
hydraulic parameters used to assess pollutant degradation efficiency (Gagol et al., 2018). The
higher the inlet pressure, the greater the vapor volume generated downstream of the Venturi
throat. The cavitation intensity was calculated based on the cavitation number (Cv), represented
in Equation 1 and is presented in Table 1 with the other Venturi flow features.
𝑃2−𝑃𝑣

𝐶𝑣 = 1/2𝜌𝑉 2
0

(1)

Where in 𝐶𝑣 is the cavitation number; 𝑃𝑣 is the vapor pressure of the liquid (Pa); 𝜌 is the
specific mass of the liquid (kg m-3); and 𝑉𝑜 is flow rate in the Venturi throat (m s-1).
Rev. Ambient. Água vol. 15 n. 3, e2518 - Taubaté 2020
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Figure 2. (A) Hydrodynamic cavitation system (without dimensions); and (B) Venturi device (mm).
Table 1. Venturi device flow features.
P1 (bar)

P2 (bar)

Flow rate (L s-1)

Velocity (m s-1)

Cv (-)

0.6
2.0
4.0
6.0
6.4

0.056
0.059
0.063
0.067
0.067

0.059
0.155
0.211
0.243
0.249

8.48
22.30
30.26
34.91
35.65

2.62
0.38
0.21
0.16
0.15

2.2. Materials
Bromothymol blue (C27H28Br2O5S, 99.98%) was obtained from Química Moderna
Indústria e Comércio EIRELI and used without further purification. A 250 L saturated solution
of Bromothymol blue dye (concentration = 180.51 mg L-1 and COD = 650 mg L-1), was
prepared using tap water that was not previously purified. Therefore, all HC experiments
presented the same initial content of Total Dissolved Solids (TDS). The pH of the solution was
adjusted to 2.5 by addition of sulfuric acid (P.A. 98%). This measure was adopted due to results
reported by Gagol et al. (2018), Raut-Jadhav et al. (2013) and Gogate and Bhosale (2013),
according to whom organic degradation is more efficient under acidic conditions.
Hydrogen peroxide (30% w / v) was used as an oxidizing agent and was added at the
beginning of each experiment (in batch) and at molar ratios (number of mol peroxide to 1 mol
dye) ranging from 0.1 to 40.
2.3. Experimental design
A Rotatable Central Composite Design (RCCD) was elaborated by taking into
consideration two levels, 23 factorial points, 2x3 axial points and 3 repetitions in the central
point, thus totaling 17 experiments. Independent variables analyzed in the RCCD were
hydrogen peroxide ratio (number of mol peroxide per 1 mol dye), Venturi inlet pressure (bar),
hydrodynamic cavitation time (min) and interrelationships. Dependent response variables
analyzed for BTB degradation were color reduction and COD reduction rates.
Working variables were coded and decoded (Equation 2) to generate the analysis
parameters of the statistical model.
𝑋𝑛=(𝑋𝑟𝑒𝑎𝑙−𝑋𝑚𝑖𝑑)
𝑋
2

∆
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Where in Xn is the coded variable, Xreal is the real variable, Xmid is the midpoint of each
variable, ΔX is the variation between the lower and upper levels of the real variable. Statistical
analysis was performed using the software Statistica 7.0 (Stat Soft).
Table 2 shows the experimental matrix, which presents the real and coded values of all
experiments.
Table 2. Experimental matrix with real and coded values used in the RCCD.
Experiments

Peroxide (mol H2O2 mol of BTB-1)

Time (min)

Inlet pressure (bar)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

10 (-1)
40 (+1)
10 (-1)
40 (+1)
10 (-1)
40 (+1)
10 (-1)
40 (+1)
50 (+α)
0.1 (-α)
25 (0)
25 (0)
25 (0)
25 (0)
25 (0)
25 (0)
25 (0)

10 (-1)
10 (-1)
30 (+1)
30 (+1)
10 (-1)
10 (-1)
30 (+1)
30 (+1)
20 (0)
20 (0)
37 (+α)
3 (-α)
20 (0)
20 (0)
20 (0)
20 (0)
20 (0)

2 (-1)
2 (-1)
2 (-1)
2 (-1)
6 (+1)
6 (+1)
6 (+1)
6 (+1)
4 (0)
4 (0)
4 (0)
4 (0)
6.4 (+α)
0.6 (-α)
4 (0)
4 (0)
4 (0)

2.4. BTB degradation kinetics and analysis methods
BTB in acid solution is yellow (pH 2.5 by addition of sulfuric acid (P.A. 98%)) and
presents maximum molar absorptivity at 430 nm. Visible radiation absorption (color) is directly
proportional to BTB concentration in the solution, based on the Lambert-Beer Law (Skoog et
al., 2002). Color analyses were performed at pH 2.5, at 430 nm, using a spectrophotometer
(Biospectro SP-22). COD analysis was based on the closed-tube reflux colorimetric method by
APHA et al. (2012).
The BTB degradation kinetics were quantitatively expressed using Equation 3, according
to which the degradation rate is a function of the product between the kinetic coefficient (k) and
the BTB concentration raised to power n (reaction order). The kinetic analysis was performed
under the optimized experimental condition defined by the RCCD.
𝐶𝐵𝑇𝐵
𝑑𝑡

𝑛
= −𝑘𝐶𝐵𝑇𝐵

(3)

Kinetic coefficient and reaction order estimates were calculated based on the differential
method suggested by Chapra (2008).

3. RESULTS AND DISCUSSION
3.1. Bromothymol blue degradation
Table 3 shows the color reduction and COD values recorded for the bromothymol blue dye
of the planning matrix, after the combined hydrodynamic cavitation and hydrogen peroxide
(H2O2) process.
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Table 3. Bromothymol blue degradation after combined hydrodynamic cavitation and
hydrogen peroxide process.
Experiments

BTB (mg L-1)

BTB reduction (%)

COD (mg L-1)

COD reduction (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

14.98
21.66
17.82
17.47
20.61
15.76
23.05
15.29
12.78
78.16
17.20
27.22
13.37
21.64
12.56
16.01
12.13

91.70
88.00
90.13
90.32
88.58
91.27
87.23
91.53
92.92
56.70
90.47
84.92
92.59
88.01
93.04
91.13
93.28

57.07
96.52
59.93
62.72
71.30
45.63
85.54
64.94
47.25
279.43
59.93
105.49
47.25
71.30
42.77
59.93
45.17

91.22
85.15
90.78
90.35
89.03
92.98
86.84
90.01
92.73
57.01
90.78
83.77
92.73
89.03
93.42
90.78
93.05

* Initial BTB concentration (color) = 180.51 mg L-1; Initial COD = 650 mg L-1.

Color and COD reduction percentages appear to be very similar, which indicates that a
high level of total combustion/removal is obtained (Miwa, 2006). The current study has made
the option to perform a Chi-square (χ²) correspondence test, which showed that color and COD
reduction levels were not independent at a 95% significance level (p <0.05). Thus, the
numerical values of these parameters were correlated. Accordingly, only the term ‘degradation
rate’, which corresponds to the mean color and COD reduction rate of each experiment, was
taken into consideration for the analysis of experimental results.
As the principal objective of the present study was the optimization of the variables’
pressure, reaction time and molar proportion of H2O2 for BTB degradation using HC, the nature
of possible intermediates was not explored. However, the similarity between color and COD
removal values can be explained considering the efficiency of the HC process in promoting
complete BTB mineralization with little intermediate product formation. This type of
synergistic effect is often seen when combined AOP processes are used (Alves et al., 2014).
The best experimental result recorded for degradation efficiency was observed in
Experiment 15 (approximately 93%): with a peroxide ratio of 25, cavitation time was 20 min
and inlet pressure 4.0 bar. On the other hand, the lowest degradation efficiency was observed
in Experiment 10: with a peroxide ratio of 0.1, cavitation time was 20 min and inlet pressure
4.0 bar. Based on these results, degradation efficiency is significantly reduced at low oxidant
concentrations. Alves et al. (2019) used hydrodynamic cavitation to analyze COD reduction
efficiency of an effluent whose main constituent was sucrose. Based on their results, 90%
removal efficiency was observed when peroxide/sucrose molar ratio was equal to 20, cavitation
time was 25 min and inlet pressure was 4.0 bar. However, such efficiency decreased to 50.9%
when the peroxide/sucrose ratio was equal to zero.
A quadratic regression model was developed based on degradation efficiency data. The
model is represented in Equation 4.
% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = 72.602 + 96.642𝑋1 + 0.982𝑋12 + 1.131𝑋2 − 0.023𝑋22 + 3.601𝑋3 −
0.312𝑋32 − 2.291𝑋1 𝑋2 − 16.100𝑋1 𝑋3 − 0.011𝑋2 𝑋3
(4)
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The coefficients in Equation 4 were calculated using Student’s t-test by taking into
consideration a significance level of 95% (p < 0.005). X1 represents the peroxide variable, X2
represents the cavitation device inlet pressure and X3 represents the time.
According to Equation 4, the linear peroxide parameter recorded the most effective dye
degradation, as the variables ‘peroxide’, ‘pressure’ and ‘time’ recorded 95.33%, 1.12% and
3.55% coefficient weights, respectively. However, the interaction between peroxide and inlet
pressure (X1X2), between peroxide and time (X1X3) and between pressure and time (X2X3) had
a negative influence on dye degradation. With respect to quadratic terms, only peroxide had a
positive effect on dye degradation, a fact that confirmed the importance of optimizing this
parameter to enable BTB degradation using a Venturi device.
An R² value of 0.988 was obtained and indicates that the mathematical model generated in
the current study represented 98.88% of experimental data. The lack-of-fit analysis presented
values lower than the significance range set for the model (p < 0.05). The analysis of predicted
and observed values presented a pure error of 0.0147, which was lower than the corresponding
normal value (0.029). Waste disposal was trendless and presented random distribution close to
the mean. Response surfaces observed for degradation rate based on the interaction between
the investigated working parameters are shown in Figure 3.

Figure 3. Response surface observed for degradation rate based on the following parameters: (A)
time and peroxide; (B) pressure and peroxide; and (C) pressure and time.

According to Figure 3A, a maximum level of degradation was delimited within the
investigated time and peroxide ranges. With respect to removal based on pressure and peroxide
variables (Figure 3B), there was dispersion of maximum degradation values at the midpoint
between peroxide ratio and pressure.
The surface response for BTB degradation based on pressure and time parameters (Figure
3C) also indicates a maximum region near the midpoint of the time window studied. Based on
the joint response surface analysis (Figure 3), maximum BTB degradation (critical point) was
observed at a time of 25 minutes, pressure 4.0 bar, and peroxide/dye molar ratio equal to 30:1.
At the critical point, there was degradation of approximately 93% of BTB chromophore groups,
which are structures responsible for absorbing radiation at 430nm (color analysis) and the
oxidizable dye structure (COD analysis). Experiments were performed in triplicate under
maximized conditions (critical point); results demonstrated a degradation extent of 92.70%, a
fact that evidenced the adequate fit and prediction capacity of the generated model (93%).
The optimum pressure (4.0 bar) observed in the current study did not correspond to the
highest pressure (6.4 bar) used in the hydrodynamic cavitation system. This result is consistent
with other studies available in the literature (Rajoriya et al., 2018; Gogate and Bhosale, 2013;
Saharan et al., 2011), according to which pollutant degradation efficiency decreases when inlet
pressure is higher than 5.0 bar. This occurs because the higher the inlet pressure, the greater the
number of cavities and excess cavities can generate cavitation clouds. Cavitation clouds reduce
the degradation rate due to the following reasons: 1) increased likelihood of coalescence
between cavities and reduced collapse intensity due to damping of the energy released in the
Rev. Ambient. Água vol. 15 n. 3, e2518 - Taubaté 2020
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implosion; and 2) larger cavities resulting from coalescence escape from the liquid without
collapsing. Cavitation clouds were observed by Choi et al. (2018) and Alves et al. (2019).
Although H2O2 is essential for bromothymol blue degradation, the optimal molar ratio
(number of mol peroxide to 1 mol dye) did not coincide with the highest peroxide
concentrations in the cavitation system (molar ratio of 40 and 50). This outcome can be
explained by the fact that the excess of peroxide can generate secondary reactions capable of
forming radicals with lower degradation potential (Raut-Jadhav et al., 2016; Patil et al., 2014;
Bagal and Gogate, 2013). Equations 5, 6, 7 and 8 show the secondary reactions that are likely
to occur.
∙ 𝑂𝐻 +∙ 𝑂𝐻𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛→ 𝐻2 𝑂2

(5)

𝐻2 𝑂2 +∙ 𝑂𝐻𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛→ 𝐻𝑂2• + 𝐻2 𝑂

(6)

𝐻𝑂2• + 𝐻𝑂2• 𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛→ 𝐻2 𝑂2 + 𝑂2

(7)

∙ 𝑂𝐻 + 𝑂2 𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛→ 𝐻𝑂2• +∙ 𝑂

(8)

These undesirable secondary reactions explain the phenomenon seen in Figures 3A and
3B, wherein the highest degradation efficiency was observed when intermediate H2O2 values
were used (i.e., molar ratio of 30). Thus, it is possible to perform effluent treatment based on
hydrodynamic cavitation using lower H2O2 concentrations, which helps reduce costs with
oxidant acquisition and is in line with green-chemistry principles.
3.2. Analyzing the synergistic effect between hydrodynamic cavitation and hydrogen
peroxide
Experiments without H2O2 were performed at an inlet pressure of 4.0 bar; whereas the
experiment using only H2O2, at peroxide/dye molar ratio of 30, was performed in batch mode
under stirring (250 rpm). Thus, it was possible to evaluate the degradation extent by considering
separately the effects of HC and H2O2.
Table 4 shows the values for BTB color and COD removal using HC in the absence of
peroxide.
Table 4. Bromothymol blue dye degradation values (%) in the absence of peroxide.
Experiments

Time
(min)

Inlet pressure
(bar)

Color
(mg L-1)

Color
reduction (%)

1
2
3
4

10
20
25
30

4.0
4.0
4.0
4.0

117.33
107.13
106.18
105.21

35.00
40.65
41.17
41.71

COD
(mg L-1)
419.12
376.35
375.10
370.63

COD
reduction (%)
35.52
42.10
42.29
42.98

*Initial BTB concentration (color) = 180.51 mg L-1; Initial COD = 650 mg L-1.

According to Table 4, color and COD removal efficiencies did not attain 43% after 30
minutes of treatment. In the absence of the oxidant, •OH formation resulted solely from the
water molecule dissociation phenomenon caused by pyrolysis. Dissociation only occurred due
to the energy resulting from the collapse of cavities (Equation 9).
𝐻2 𝑂𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛→ ∙ 𝑂𝐻 +∙ 𝐻

(9)

Table 5 shows results of the experiment performed using only H2O2. It can be observed
that reduction efficiency sharply decreases in the absence of HC. This result can be explained
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by two reasons: 1) H2O2 underwent less homolytic fission and generates less •OH in the absence
of HC (Wang et al., 2009); and 2) Hydrodynamic cavitation increases the effectiveness of •OH
degradation of pollutant molecules as micro-mixing and, consequently, mass transfer are
enhanced (Raut-Jadhav et al., 2013).
Table 5. Dye degradation in magnetic stirrer after peroxide addition.
Experiment

H2O2
(mol)

Time
(min)

Color
(mg L-1)

Color reduction
(%)

COD
(mg L-1)

COD reduction
(%)

1

30

25

176.16

2.41

636.30

2.11

*Initial BTB concentration (color) = 180.51 mg L-1; Initial COD = 650 mg L-1.

Table 6 compares the efficiency of the BTB degradation phenomenon based on optimized
treatment conditions: pressure equal to 4 bar, H2O2 equal to 1:30 and time equal to 25 minutes;
batch mode using H2O2; and HC treatment without H2O2. The degradation efficiency of the
H2O2 + HC combination increased > 2 times in comparison to the use of cavitation alone and it
increased >40 times when degradation was only performed with H2O2. This result can be
explained by the fact that the combination between HC and oxidants generates more reactive
species (Equation 10), reduced mass transfer resistance and increased turbulence generation.
Other authors have also reported increased pollutant degradation when HC was combined with
H2O2 (Alves et al., 2019; Joshi and Gogate, 2019; Saxena et al., 2018; Saharan et al., 2011).
𝐻2 𝑂2 𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛→ ∙ 𝑂𝐻 +∙ 𝑂𝐻

(10)

Table 6. Synopsis of the bromothymol blue dye degradation process efficiency.

Cavitation + H2O2
Cavitation
H2O2

Time
(min)

H2O2
(mol)

Inlet pressure
(bar)

Color reduction
(%)

COD reduction
(%)

25
25
25

30
30

4.0
4.0
-

93.28
40.65
2.41

93.42
42.29
2.11

3.3. Bromothymol blue dye degradation kinetics
Figure 4 shows the fit of the kinetic model (Equation 3) to experimental data, which
represents the BTB concentration decay over time. The experiment focused on analyzing the
kinetic behavior of BTB degradation and was performed under optimized conditions (i.e.,
pressure = 4 bar, H2O2 = 1:30, and time = 25 minutes). Equation 3 fits well with the
experimental data (r2 = 0.988). The reaction order observed in this experiment was 3.5 with
respect to BTB concentration and the kinetic rate constant was 1.30 x 10-5 mg-2.5 L2.5 min-1.
Approximately 80% of the degradation occurred within the first 5 minutes. This outcome
can be explained by the fact that H2O2 was introduced into the batch system at time zero. It can
be assumed that•OH production within the first 5 treatment minutes resulted from two sources,
namely: water molecule dissociation due to pyrolysis (Equation 9) and H2O2 dissociation
(Equation 10). After this initial period, •OH was only produced by H2Odissociation, since all
H2O2 would have been consumed. This fact, in association with low concentrations of the
remaining bromothymol blue, reduced the degradation rate in the treatment period from 5 to 25
minutes.
Figure 5 shows the physical appearance of the bromothymol blue solution before (Vial I)
and after treatment under optimized experimental condition (Vial II). Solution pH was kept at
2.5. Significant color reduction can be observed. Such reduction was possible because the use
of H2O2 in combination with HC enabled the mineralization of the chemical structure of BTB
(Figure 1) due to degradation of chromophore groups (double bonds, functional groups) that
account for radiation absorption (color) at 430 nm.
Rev. Ambient. Água vol. 15 n. 3, e2518 - Taubaté 2020
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Figure 4. Removal of bromothymol blue dye as a function of time.
Optimized experimental conditions: pressure = 4 bar, H2O2 = 1:30, and
time = 25 minutes.

Figure 5. Comparison of bromothymol
blue dye color before (I) and after (II)
treatment.

4. CONCLUSION
This study investigated the efficiency of the combination of hydrodynamic cavitation and
H2O2 to remove color and COD from a bromothymol blue solution. The experiments were
Rev. Ambient. Água vol. 15 n. 3, e2518 - Taubaté 2020
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conducted in a closed-circuit experimental apparatus and the cavitation phenomenon was
generated by means of a Venturi device. Results of the experiments found that:
1. Hydrodynamic cavitation in the presence of H2O2 attained color and COD removals >
90%.
2. Color and COD reduction were more efficient in the combined process - positive
synergism.
3. Optimized dye color and COD reduction conditions were observed at 25 minutes of
sample recirculation at a dye/peroxide molar ratio of 1:30 and pressure of 4 bar.
4. This method can effectively remove color from tannery effluents. However, results
depend on the type of dye to be degraded, as well as on the composition, concentration and
other components found in the effluent.
5. Venturi reactors may be used as a promising alternative to treat industrial effluents and
as an effective treatment to be applied to difficult-to-degrade wastes.
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ABSTRACT
The chemical composition of rainfall is influenced by natural or anthropogenic factors; the
amount of nutrients deposited is increased by the amount of rainfall. This work sought to
estimate the amount of nutrients deposited by precipitation in the Pampa biome, the seasonal
variation of the chemical composition of rain water, and the origin of nutrients found in the
water. Precipitation collectors were installed in the open area to measure precipitation volumes
biweekly over 2 years, and the samples were chemically analyzed. Concentrations of nutrients
in the rain water increased over winter; however, since there was less precipitation, the total
deposition was similar to the other seasons. Correlation analysis using the Pearson coefficient
showed a negative correlation between rain volume and ion contents, indicating a dilution
effect. The total amount of nutrients from precipitation during the study was 72.7 kg ha-1,
representing an average of 36.3 kg ha-1 year-1. The Ca2+ and K+ ions are predominantly of
litholical origin, whereas the SO42- and NO3- ions were of anthropogenic origin. The balance
between the sum of cations and the sum of anions was shown to be unitary, indicating excellent
data validation. The input of these nutrients occurs gradually, avoiding excessive losses,
increasing the stock in the soil.
Keywords: hydrology, nutrient cycling, seasonality, sustainability.

Variação estacional da deposição atmosférica de nutrientes na região
central do Rio Grande do Sul, Brasil
RESUMO
A composição química da chuva é influenciada por fatores naturais ou antropogênicos,
sendo a quantidade de nutrientes resultante da multiplicação de sua concentração pela
quantidade precipitada. O objetivo do presente trabalho foi estimar: a quantidade de nutrientes
aportada pela precipitação no bioma Pampa, a variação sazonal da composição química da água
da chuva, a origem dos nutrientes encontrados na água. Os coletores de precipitação foram
instalados em área aberta e quinzenalmente, durante 2 anos, os volumes foram aferidos e as
amostras analisadas quimicamente. A concentração de nutrientes na água da chuva aumentou
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

2

Dione Richer Momolli et al.

no inverno, porém, devido às menores precipitações, a deposição total foi semelhante às demais
estações do ano. A análise que utiliza o coeficiente de Pearson mostra correlação negativa entre
volume de chuva e conteúdo de íons, indicando o efeito de diluição. A quantidade total de
nutrientes na precipitação incidente durante o estudo foi de 72,7 kg ha-1, representando uma
média de 36,3 kg ha-1 ano-1. Os íons Ca2+ e K+ são predominantemente de origem litólica,
enquanto os íons SO42- e NO3- de origem antropogênica. O equilíbrio entre a soma dos cátions
pela soma dos ânions mostrou-se unitário, indicando excelente validação dos dados. A entrada
desses nutrientes ocorre gradualmente, evitando perdas excessivas, aumentando o estoque no
solo.
Palavras-chave: ciclagem de nutrientes, hidrologia, sazonalidade, sustentabilidade.

1. INTRODUCTION
The southwestern region of the State of Rio Grande do Sul (RS), Brazil is characterized by
predominantly sandy soil and low natural fertility, susceptible to erosive processes (Streck et
al., 2008). The major problem is associated with the formation of sandstone cores, of a
morphogenic nature, intensified by anthropic action such as excessive grazing and inadequate
soil management (Bertê, 2004; Souto, 1984). The most affected region is the Arroio Puitã Basin,
which includes the municipalities of Itaqui, Maçambará and São Borja (Souza and Pires, 2017).
Sustainable management is the only alternative to reverse the sandstone situation in these
areas, and the quantification of inputs deposited by precipitation is essential for understanding
the biogeochemical cycling of nutrients (Schumacher and Viera, 2015). The soil of sandstone
areas has a low nutrient load, and annual supplementation by precipitation represents an
important source of nutritional replacement, indispensable for the development of several
ecosystems.
Several factors can determine the chemical composition of rainwater, including maritime
influence, biomass burning, litholic and anthropogenic actions (Tiwari et al., 2016). Incident
precipitation is the sum of dry and wet depositions, and the identification of the main sources
can be determined by enrichment factors which consider Ca2+ and Na+ in their equations to be
exclusively of litholic and maritime origin, respectively (Keene et al., 1986, Taylor, 1964).
Most industrialized regions are responsible for the increase in emissions of some ions, such
as SOx and NOx. These pollutants cause rainwater acidification, and soil pH and river and lake
waters may as a result cause harm to vegetation and the corrosion of materials (Singh et al.,
2007). Thus, rainfall precipitation provides information related to environmental quality (Zhou
et al., 2019).
In Brazil, the chemical composition of rainwater has been evaluated over the years,
although the information is sparse and comes only from metropolitan regions or areas with
greater industrial activity in the southeast and south of the country (Migliavacca et al., 2004,
Fontenele et al., 2009, Alves et al., 2018). In the southeastern region of the state of RS, where
areas are being sanded, studies are absent. In view of this situation, this study evaluated the
chemical composition of rainwater, the nutrient supply in the sandstone area and identified the
origin of the main ions.

2. MATERIALS AND METHODS
2.1. Characterization of the experimental area
The work was developed in a sandstone area in the municipality of Maçambará-RS
(29º02’32.67" S and 55º19’40.44" W), at an average altitude of 191 m. The 82-hectare sandy
area has a perimeter of 6.55 km.
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The dystrophic, low fertility, natural soil (SBCS-CQFS, 2016) of the experimental area
has an average percentage of 83.4, 3.4, 2.7 and 10.4% for coarse sand, fine sand, silt and clay,
respectively. Organic matter in the 2-m-deep soil profile was 0.2%, and base saturation (V)
4.2%.
The climate of the region is classified as being subtropical humid, with no dry season and
hot summers (Cfa). The average annual rainfall is 1916 mm, well distributed throughout the
months of the year. The driest month presents mean precipitation of > 40 mm. The average
temperature of the coldest month is ≥ -3°C and <18°C, and the temperature for the hottest month
is ≥ 22°C. (Alvares et al., 2013).
2.2. Measurement of incident precipitation
The quantification of the incident rainfall was performed biweekly over two years by
means of 3 collectors with a capture diameter of 20 cm and a storage capacity of 7 liters. The
collectors were installed in an open area, 1.5 meters above ground level.
The Equation 1 for quantification of rainfall incidents (in mm) is described as follows:
P = V/A

(1)

Where: P = Incident precipitation; V = volume of water (liters); A = catchment area
(0.0314 m²).
2.3. Chemical analysis
The pH of the samples was determined with a pH meter using electrodes (Metrohm 827
pH Lab), with simple prefiltration with 0.45 um pores. The values for NO2-, NO3-, NH4 +,
PO43-, SO42-, Cl-, Na +, K +, Ca2+ and Mg2+ were determined by ion chromatography (Metrohm
861 Advanced Compac IC). The methodology proposed by APHA et al. (1998) was followed.
2.4. Statistics and Data Analysis
The acidity of the incident precipitation is a result of the balance between the ions with
acidifying power against the species with neutralizing capacity. However, a portion of the
SO42-, Ca2+ and Mg2+ ions originates in the form of marine salts, which do not play any role in
the acid balance (Budhavant et al., 2011), thus requiring their values to be corrected from the
subsequent equations. Na+ is considered purely of marine origin. (Keene et al., 1986). Thus, the
concentration of non sea salt (nss) was calculated following the Equation 2:
𝑛𝑠𝑠 = [𝑥] 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 – [𝑁𝑎 + ] 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 × [

𝑥
𝑁𝑎+

] 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

(2)

Where: nss = non sea salt; [x] represents the concentration of the desired ion; [x / Na+]
seawater is the ratio of the mean concentration of the respective ion to Na+ of seawater.
To obtain the percentage of marine source in each ion, the following Equation 3 was used:
𝑠𝑠 (%) =

[
[

𝑥
]𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
𝑁𝑎+

𝑥
]𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛
𝑁𝑎+

× 100

(3)

Where: ss = sea salt (%); [x / Na+] = ratio of the mean concentration between the ion of
interest and Na+ in seawater and incident precipitation.
To obtain the percentage of litholic source in each ion, the following Equation 4 was used:
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𝑐 (%) =

[
[

𝑥
]𝑠𝑜𝑖𝑙
𝐶𝑎2+

𝑥
]𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛
𝐶𝑎2+

× 100

(4)

Where: c (%) = crust (%); [x / Ca2+] = ratio of the mean concentration between the ion of
interest and Ca2+ in soil and incident precipitation.
The percentage of anthropogenic fraction was given by the following Equation 5:
𝐴 (%) = (100 − 𝑠𝑠% − 𝑐%)

(5)

Where: ss = sea salt (%); c = crust (%).
The sum of ions SO42- and NO3- represents the acidification potential of rainwater. The
result of the sum of NH4+ + nssCa2+ + nssMg2+ + nssK+ represents the ions with neutralizing
capacity. The AP / NP ratio (potential acidity / potential neutralization) greater than 1 indicates
that the sums of bases were not capable of neutralization, and the inverse is valid (Equation 6).
𝐴𝑃
𝑁𝑃

=

[𝑛𝑠𝑠𝑆𝑂42− ]+ [𝑁𝑂3− ]
[𝑁𝐻4+ ]+ [𝑛𝑠𝑠𝐶𝑎2+ ]+ [𝑛𝑠𝑠𝑀𝑔2+ ]+ [𝑛𝑠𝑠𝐾 + ]

(6)

The enrichment factor is used to obtain information about the origin of a particular element.
To obtain these results, reference rates were used. Na+ serves as a base element of marine origin
(Keene et al., 1986). Ca2+ is classified as being typically litholytic (Safai et al., 2004; Das et
al., 2011) and the relationship was obtained through the study of Taylor (1964) (Equations 7
and 8).
𝐸𝐹 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 =

𝐸𝐹 𝑠𝑜𝑖𝑙 =

[

[

𝑥
]𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛
𝑁𝑎+
𝑥
[ + ]𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
𝑁𝑎

𝑥
]𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛
𝐶𝑎2+
𝑥
[ 2+ ]𝑠𝑜𝑖𝑙
𝐶𝑎

(7)

(8)

Where: EF is the enrichment factor of [x] ion. [x / Na+] incident precipitation is the relation
between the concentrations of the ions of interest by Na+ in the incident precipitation. [x / Na+]
seawater is the ratio of ions in seawater. [x / Ca2+] incident precipitation is the relationship
between the concentrations of ions of interest by Ca2+ in incident precipitation. [x / Ca2+]
seawater is the ratio of ions in seawater. Values much smaller than 1 or much larger than 1 are
considered diluted or enriched according to the reference source.

3. RESULTS AND DISCUSSION
3.1. Relationship of the sum of cations and anions: validation of the data
A correlation between the sum of the cations and the sum of the anions in the rainwater
was observed, with a Pearson coefficient r of 0.94. In addition, the relationship between cations
and anions can be considered unitary. Through analysis of the regression residuals, it is
observed that the points are distributed evenly around the mean 0 (Figure 1).
The balance between the sum of cations and anions is important for understanding the
measurements. The relationship between the two groups is expected to be unitary (Al-Monami
et al., 1995). In the present study, the results showed a unit balance of 1.01. Caggiano et al.
(2014), studying the chemical composition of rainwater in western Bulgaria, found a value of
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1.5, indicating that some cations were excluded from the measurements. Xiao (2016) found a
positive relationship between cations and anions with an adjustment of R² 0.96 in central China.
Under strong sea influence, Das et al. (2011) evaluated by means of correlation the sum of
cations by anions and also found excellent adjustments with R² of 0.98 in the Maldives islands.
For Conceição et al. (2013), the cations and anions ratio was 1.02, similar to the present study.

Figure 1. Correlation analysis and residues for sum of cations and anions.

3.2. Seasonal ion concentrations
The concentration of ions in the rainwater changed with the season. There was a strong
tendency to increase concentrations during the winter season. The pH reached a mean of 6 and
6.2 for the first and second winter season evaluated. For the other seasons of the monitored
period, the pH ranged between 5.3 and 5.9 (Table 1).
By means of the Tukey test, we observed the same trend of increase of the concentrations
for the SO42- ion in the winter seasons, differing statistically to 5% of probability of error of the
other stations. The NO2-, NO3-, NH4+, PO43-, K+, Ca2+, Mg2+, Na+ and Cl- ions showed the
highest levels in the winter season.
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Table 1. Seasonal variation in ion concentrations and pH over 2 years in Maçambará-RS.
NO2-

NO3-

NH4+

PO43-

K+

Ca2+

Mg2+

SO42-

Na+

Cl-

Season

pH

Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn

6.01a
5.80ab
5.54ab
5.61ab
6.17a
5.29b
5.88ab
5.93a

0.03a
0.01ab
0.01ab
0.00b
0.00b
0.00b
0.01ab
0.01ab

0.33ab
0.22ab
0.11b
0.12b
0.49a
0.25ab
0.15b
0.12b

0.34ab
0.13b
0.05b
0.06b
0.80a
0.26ab
0.12b
0.10b

0.03a
0.00a
0.03a
0.00a
0.00a
0.00a
0.03a
0.00a

0.18a
0.37a
0.36a
0.27a
0.48a
0.15a
0.27a
0.12a

0.99a
0.62abc
0.36c
0.45bc
0.85ab
0.28c
0.24c
0.23c

0.07ab
0.00ab
0.02ab
0.00b
0.12a
0.01ab
0.00b
0.10ab

1.16ab
0.58bc
0.24c
0.34c
1.40a
0.39c
0.20c
0.28c

0.55a
0.25b
0.25b
0.19b
0.30ab
0.20b
0.34ab
0.14b

0.58a
0.37a
0.48a
0.51a
0.88a
0.43a
0.40a
0.31a

Mean

5.78

0.01

0.22

0.23

0.01

0.27

0.50

0.04

0.57

0.28

0.50

mg L-1

Equal letters in the same column did not differ statistically at P = 0.05 by means of the Tukey test.

The pH presented seasonal behavior with the highest values during the winter seasons and
the lowest value in the second spring. The mean pH during the period evaluated was 5.78. About
33% of the biweekly water samples presented pH values between 4.88 and 5.58 and 20%
presented pH between 6 and 6.7. According to Liljestrand (1985), pH <5.6 can be considered
as acid rain. Evaluating the chemical composition of rainfall in the Brazilian Southeast,
Cerqueira et al. (2014) found a similar average pH, 5.77. The authors show that about 36% of
the water samples had pH considered as acid and 28% with pH ranging between 6.0 and 7.0.
More acidic rains than the one found in the present study are reported by Migliavacca et al.
(2004) in the region of Candiota, in the extreme south of Brazil. According to the authors, the
pH in 87% of the cases was between 5 and 5.5, with an average pH of 5.4. The explanation for
such findings is due to anthropogenic action, and the region is important for generating energy
through the burning of coal. Alves et al. (2018) found 20% of the pH with values below 5.6,
with the mean for the period studied being 6.07.
In general, the concentration of ions decreases, whereas it increases with the increase in
incident rainfall, the inverse being valid. Pearson's analysis confirms the negative correlation
between the volume of precipitation and the concentration of ions, except for the PO43-, K+ and
Mg2+ ions. The dilution effect was also reported by Zhang et al. (2016) in a study developed in
northeast China.
3.3. Correlation analysis between ions concentration, pH and rainfall amount
The correlation analysis of Pearson shows a negative correlation between rainfall volume
and NO3-, NH4+, Ca2+, SO42-, Na+ and Cl- ions, with a significance of 1% of error probability.
For pH, there was a significance of 1% of error probability for Ca2+ and Mg2+ ions. The highest
correlations were 0.95 between NH4+ and NO3- and 0.90 between NH4+ and SO42-. Among the
ions studied, PO43- showed a lower correlation compared to the others (Table 2).
Significant positive correlations were observed between the K+, Ca2+ and Mg2+ ions,
indicating that they are of litholical origin. Significant correlations were also observed between
ions Na+ and Cl-. Ions frequently associated with anthropological actions, such as NO3- and
SO42-, presented strong correlations of 0.89. Rao et al. (2016), evaluating the chemical
composition of precipitation in two megacities of India during the non-monsoon period, found
a correlation of 0.91 in both of the cities of Pune and Delhi for NO3- and SO42- ions. The authors
also show a significant correlation between the ions of lithic origin, as well as Na+ and Cl-.
Strong correlations were observed between NH4+ ions with acidic species of NO3- and
2SO4 on the order of 0.95 and 0.90, respectively. Xiao (2016) also found a strong correlation
of 0.90 and 0.99 for the respective ions. According to Zhang et al. (2012), shares of these ions
are derived from anthropogenic actions, such as agricultural activities and biomass burning.
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Table 2. Correlation analysis between ion concentrations, pH and volume of precipitation.
L ha
pH
NO2NO3NH4+
PO43K+
Ca2+
Mg2+
SO42Na+
Cl-

L ha

pH

NO2-

NO3-

NH4+

PO43-

K+

Ca2+

Mg2+

SO42-

Na+

Cl-

1.00
-0.17
-0.34*
-0.47**
-0.44**
-0.09
-0.20
-0.46**
-0.21
-0.43**
-0.42**
-0.40**

1.00
0.10
0.24
0.24
0.04
0.09
0.40**
0.43**
0.35*
0.23
0.23

1.00
0.30*
0.23
0.29*
0.03
0.37**
0.18
0.26
0.41**
0.08

1.00
0.95**
-0.10
0.50**
0.79**
0.73**
0.89**
0.48**
0.75**

1.00
-0.11
0.54**
0.68**
0.68**
0.90**
0.39**
0.75**

1.00
0.02
0.03
0.03
-0.03
0.34*
-0.09

1.00
0.34*
0.35*
0.50**
0.48**
0.85**

1.00
0.68**
0.85**
0.50**
0.60**

1.00
0.70**
0.33*
0.59**

1.00
0.51**
0.73**

1.00
0.54**

1.00

Bold text shows high correlations.
*Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2tailed). 0.60–1.00 = strong correlation; 0.50–0.59 = moderate; 0.40–0.49 = weak; 0.00–0.39 = little or
no association.

3.4. Enrichment ratio
As can be observed in Table 3, the values of EF seawater and EF soil for SO 42- and NO3were considered to be greater than 1. This shows that the marine and littoral contributions are
too small to serve as a reference for these ions, and suggests that they originated from
anthropogenic sources. The possible factor is due to the burning often practiced in the region
(Prathibha et al., 2010). Alves et al. (2018) also identified that 57% of the origin of SO42- comes
from the industrialization or burning of fossil fuels, leaving only a 9% marine contribution, a
21% litholic contribution and 13% contribution of agriculture or livestock. With regard to
nitrate, 62% of the same was attributed to litholic origin according to the authors above.
Table 3. Ion enrichment factors of seawater and soil.
Variable

K+

Na+

Mg2+

Cl-

SO42-

NO3-

Ca2+

Sea water ratioa
Rainwater ratio
EF seawater

0.022
1.107
50.3

-

0.227
0.495
2.3

1.160
2.104
1.8

0.125
2.102
17.2

0.00002
0.9
45.000

0.044
2.026
46.0

Soil ratiob
Rainwater ratio
EF soil

0.504
0.903
1.6

0.57
0.82
1.4

0.561
0.209
0.4

0.0031
1.4056
453.4

0.019
1.199
63.8

0.0021
0.6026
287.0

-

Sea water ratio
Rainwater ratio
EF seawater

0.022
0.918
42.0

-

0.227
0.939
4.0

1.160
4.727
4.0

0.125
6.728
54.0

-

0.044
4.876
111.0

Soil ratio
Rainwater ratio
EF soil

0.504
0.188
0.4

0.57
0.21
0.4

0.561
0.193
0.3

0.0031
0.97
312.9

0.019
1.38
73.4

0.0021
1.523
725.2

-

Sea water ratio
Rainwater ratio
EF seawater

0.022
0.78
35.5

-

0.227
0.86
3.7

1.160
1.34
1.2

0.125
6.03
50.3

0.00002
1.6
80.000

0.044
6.53
148.4

Soil ratio
Rainwater ratio
EF soil

0.504
0.12
0.2

0.57
0.21
0.4

0.561
0.13
0.2

0.0031
0.21
66.5

0.019
0.92
49.2

0.0021
0.21
98.1

-

Author

Present study

Caggiano et al. (2014)

Xiao (2016)

Note: a Keene et al. (1986), b Taylor (1964)
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The enrichment factor was calculated for the ionic species. Values found much smaller or
much larger than 1 are considered diluted or enriched according to the reference source. The
EF seawater of the present study is similar to the results found by Alves et al. (2018) evaluating
the deposition of ions via pluviometric precipitation in 3 different points at the, base of the river
of the state of Rio Grande do Sul. The seawater EF for those authors was 25.5; 31.3 and 6.2 for
K+, Ca2+ and SO42-. According to researchers 96, 97 and 88% of these ions are not from the
ocean. In the present study, 97, 96 and 73% do not originate from oceanic sources.
The Cl- has EF seawater and EF soil of 1.8 and 453.4, indicating to be 70% of clearly
marine origin 70%. Alves et al. (2018) presented similar values, at 57%. The K+ ion presented
higher enrichment in the seawater EF, which indicates that it is mainly of 97% litholiferous
origin Table 4. In an evaluation by Xiao (2016), SO42- and NO3- recorded EF seawater and EF
soil much higher than 1. According to the authors, 96 and 99% of SO42- and NO3- are attributed
to anthropogenic actions; therefore, the results agree with the present study. In southwest China,
Zhou et al. (2019) monitored the chemical composition of rainwater in Shenzhen. This city is
characterized by intense industrial activity and has an estimated population of 12.5 million. For
the ionic species SO42- and NO3-, the contribution of anthropogenic activities was 67 and 76%,
respectively.
The Mg2+ and Cl- ions are mostly of marine origin, 62 and 70% respectively. The cations
+
K and Ca2+ and the anion SO42- are predominantly of litholic origin, with values of 97, 96 and
73% respectively.
Table 4. Percentage origin of ions.
K+

Ca2+

Mg2+

Source

SO42-

Cl-

NO3-

%
Seasalt
Soil
Anthropogenic

3.23
96.77
-

3.59
96.41
-

61.99
38.01
-

26.90
2.00
71.10

69.61
0.44
29.95

0.20
99.80

Total

100.00

100.00

100.00

100.00

100.00

100.00

During the 2 years, the nutrient intake was 72.7 kg ha-1, which represents 36.3 kg ha-1 yearFigure 2. An increase is observed in the first season of the winter, with a total deposition of
17.3 kg ha-1, that is, 24%. The deposition order was as follows: Cl- > SO42- > Ca2+ > N* > K+ >
Na+ > Mg2+ > PO43-. The contribution of Cl- + SO42 amounts to 41% of the total contributed.
The highest percentage contributions were given for Cl-, SO42- and Ca2+ ions, representing
21, 20 and 19% of the total, that is, 21.9 kg ha-1. For Zhou et al. (2019) the percentages were
17, 22 and 6% respectively. Xiao (2016) found percentages of 7.6, 26 and 28% respectively.
For these authors, the deposition of sulfate, total nitrogen and calcium was 39, 15 and 42 kg ha1
. These values are well above those found for the present study, or 7.2, 5.4 and 7.1 kg ha-1,
respectively. Dick et al. (2018) found a mean intake of 6.5, 6.8, 1.4, 9.4, 2.5, 0.13, 0.9 and 0.14
kg ha-1 for Cl-, SO42-, Mg2+, Ca2+, K+, PO43-, NO3-, NO2-, respectively.
It is evident that in regions with marked industrial activity and a high fleet of vehicles,
atmospheric deposition, mainly of SO42-, is increased. Work developed over 2 years by Shen et
al. (2013) in the city of Heshan, Southeast China showed an average contribution of 110 kg ha1
representing about 15 times more than for the present study. Evaluating nutrient uptake via
precipitation incident in Bulgaria over 15 years, Caggiano et al. (2014) found an average
deposition of 11.5; 3.6; 3.0; 21.3; 1.4; 23.1 and 39.5 kg ha-1 for Ca2+, K+, Na+, total N, Mg2+,
Cl- and SO43- respectively. The values found by these authors represent almost triple the
quantities found in the present study.
1
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Figure 2. Amount of nutrients input seasonally.

4. CONCLUSIONS
The input of nutrients was 72.3 kg ha-1 over 2 years and an average deposition of 36.3 kg
ha year-1. The incident precipitation represents an important source of nutrients in function of
the annual quantity supplied and its distribution throughout the seasons.
The balance between the sum of cations by the sum of anions can be explained by means
of linear regression of unit relation. The regression residuals and the R² adjustment confirm the
excellent adjustments.
Based on the analysis of the enrichment factor, the K+ and Ca2+ ions are of litholical origin,
while Mg2+ and Cl- are of marine origin. Only the SO42- and NO3- ions did not present natural
sources, thus being classified as anthropogenic.
The Pearson analysis shows a negative correlation for all the ions with respect to the
volume of precipitation, indicating a dilution effect. Significant correlation was verified
between Ca2+ and Mg2+ ions, indicating that they are of litholical origin.
-1
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