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ABSTRACT  
Changes in precipitation and air temperature may produce different impacts on the 

hydrological regime, compromising water supply. This study focuses on climate change 

impacts in the Verde River Basin (VRB), a tropical headwater basin in southeast Brazil, located 

in the state of Minas Gerais. The Variable Infiltration Capacity model (VIC) was calibrated and 

validated in the Verde River Basin. The downscaling (Eta Regional Climate Model, at 20-km 

resolution) of three Global Circulation Models (CanESM2, HadGEM2-ES and MIROC5) were 

used to drive the VIC for a historical baseline (1961-2005) and three time-slices (2011-2040, 

2041-2070 and 2071-2099), under RCPs 4.5 and 8.5 scenarios. The scenarios were used as 

input in the hydrological model after bias correction. The hydrological model (VIC) showed 

satisfactory statistical performance in calibration and validation, with CNS varying from 0.77 

to 0.85 for daily and monthly discharges; however, it overestimated some peak flows and 

underestimated the recession flows. Multi-model ensemble means predict increases of the 

minimum and maximum monthly average temperature for the investigated area at the end of 

the century. The Eta-CanESM2 indicated greater warming, mainly for RCP8.5 at the end the 

century, whereas Eta-HadGEM2-ES showed higher reduction in the precipitation for RCP4.5 

at the beginning of the century and for RCP8.5 at the end the century, negatively impacting the 

evapotranspiration and discharge. Among the Regional Climate Models (RCMs), the Eta-

MIROC5 showed minor changes in the components of the hydrological cycle. This study 

suggests that Global Circulation Models represent an additional uncertainty, which should be 

accounted for in the climate change impact assessment.  

Keywords: climate changes, RCP4.5, RCP8.5, VIC model. 

Avaliação do impacto da mudança climática em uma bacia 

hidrográfica tropical de cabeceira 

RESUMO 
Mudanças na precipitação e na temperatura do ar podem produzir diferentes impactos no 
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regime hidrológico, causando colapso no abastecimento de água. Este estudo focaliza nos 

impactos das mudanças climáticas na bacia do Rio Verde (VRB), uma bacia hidrográfica de 

cabeceira no sudeste do Brasil, localizada em Minas Gerais. O modelo hidrológico Variable 

Infiltration Capacity (VIC) foi calibrado e validado na bacia do Rio Verde. O downscaling 

(Modelo de Clima Regional Eta, com resolução de 20 km) de três Modelos de Circulação 

Global (CanESM2, HadGEM2-ES e MIROC5) foram usados no VIC com dados históricos 

(1961-2005) e em três intervalos de tempo (2011- 2040, 2041-2070 e 2071-2099), nos cenários 

RCPs 4.5 e 8.5. Os cenários foram usados como entrada no modelo hidrológico após a correção 

do viés. O modelo hidrológico (VIC) apresentou desempenho estatístico satisfatório na 

calibração e validação, com CNS variando de 0,77 a 0,85 para as vazões diárias e mensais; no 

entanto, superestimou alguns fluxos de pico e subestimou os de recessão. A média do conjunto 

de modelos prevê aumentos da temperatura média mensal mínima e máxima no final do século. 

O Eta-CanESM2 indicou maiores temperaturas, principalmente para RCP8.5 no final do século, 

enquanto Eta-HadGEM2-ES apresentou a maior redução na precipitação para RCP4.5 no início 

do século e para RCP8.5 no final do século, impactando negativamente na evapotranspiração e 

vazão. Entre os Modelos Climáticos Regionais (MCRs), o Eta-MIROC5 apresentou pequenas 

alterações nos componentes do ciclo hidrológico. Este estudo sugere que Modelos de 

Circulação Global representam incertezas adicionais, que devem ser consideradas na avaliação 

do impacto das mudanças climáticas. 

Palavras-chave: modelo VIC, mudanças climáticas, RCP4.5 e RCP8.5. 

1. INTRODUCTION 

Changes in precipitation and air temperature associated with greenhouse gas emission 

increases have been studied through simulations accomplished by Global Climate Models 

(GCM). These simulations are essential for understanding future climate change and represent 

temporal and spatial variability of the climate in a land-ocean-atmosphere system (Chou et al., 

2014a; Oliveira et al., 2017).  

However, the study of climate change on the regional scale depends on regional physical 

processes and geographical characteristics, thus, the downscaling of the GCM simulations 

(Regional Climate Models, RCM) have been applied to assess regional hydrological variations 

caused by climate change (Rajib and Rahman, 2012; Chou et al., 2014b). Regional hydrological 

responses to global climate change are strategic for water-resource management, agricultural 

and energy production, water availability, and for flooding and drought forecasting (Byun et 

al., 2019). 

Based on the Intergovernmental Panel on Climate Change (IPCC) 5th Assessment Report 

(AR5) (IPCC, 2014), the increase in global mean temperatures for 2081-2100 relative to 1986-

2005 are limited in the range from 0.3 to 1.7°C (RCP2.6), 1.1 to 2.6°C (RCP4.5), 1.4 to 3.1°C 

(RCP6.0), and 2.6 to 4.8°C (RCP8.5). The potential impacts of climate change on hydrological 

regimes have been discussed widely. 

Worldwide, numerous studies have applied the Variable Infiltration Capacity (VIC) 

hydrological model to study effects of climate change on the hydrological cycle (Chawla and 

Mujumdar, 2015; Bozkurt et al., 2017; Wang et al., 2019; Yang et al., 2019; Dang et al., 2020). 

Wang et al. (2019) assessed the impact of climate change on hydropower potential in the 

Nanliujiang River Basin, China, considering five GCMs under all RCPs scenarios. Dang et al. 

(2020) analyzed the effect of future climate on discharges in the upper Mekong River Basin, 

China, for five GCMs under RCPs 4.5 and 8.5 for the two selected models calibrated without 

and with reservoirs. Bozkurt et al. (2017) applied the VIC model driven by 26 GCMs under 

RCP8.5 to analyze the impact of climate change on four basins in Andes Cordillera, Chile. 
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Chawla ad Mujumdar (2015) examined the effects of climate change on discharge in the Upper 

Ganga Basin, India, for 6 GCMs under RCPs 4.5 and 8.5. Yang et al. (2019) assessed future 

climate change effects on extreme discharges in the Yangtze River, China, using seven GCMs 

under the highest emission scenario (RCP8.5). Global Circulation Models could impact the 

magnitude and change direction of hydrological response. A multi-model ensemble approach 

can improve the reliability of model predictions and better assess the hydrological modeling 

uncertainty. 

In Brazil, the Grande River Basin (GRB), in the southeastern region, is essential for 

hydropower generation due to topography and abundant water availability, being, therefore, 

highly vulnerable to climate change (Alvarenga et al., 2017). Some studies have investigated 

the impacts of climate change on the Grande River Basin headwater, indicating that both 

temperature and precipitation affect the discharge and total runoff magnitude (Viola et al., 

2015; Alvarenga et al., 2016b; 2018; Oliveira et al., 2017). In this region, these studies 

compared climate impacts on the future water cycle with Eta-HadGEM2-ES and MIROC5 

inputs (Alvarenga et al., 2016b; 2018; Oliveira et al., 2017). 

As reported by Alvarenga et al. (2016b), who used the Distributed Hydrology Soil 

Vegetation Model (DHSVM), the simulated discharge over the 21st century in a small 

watershed in Mantiqueira Range region (Grande River headwaters) indicated drastic changes 

under the RCP8.5 scenario, with reduction of mean monthly and annual discharge of 77 and 

69%, respectively. In another study carried out at the same region, Oliveira et al. (2017) used 

the Soil and Water Assessment Tool (SWAT) hydrological model to assess the impacts of 

climate change on discharge and hence on hydropower potential, verifying mean monthly 

discharge reduction from 49.6 to 69.4% for RCP8.5, which implies serious problems in the 

potential of hydroelectricity generation. Viola et al. (2015), using the Lavras Simulation of 

Hydrology (LASH) model forced by A1B scenario emission (4th Assessment Report, AR4), 

simulated the hydrological changes in four headwater basins of the Grande River, wherein the 

results showed a reduction in the annual discharge for the first time-slice (2011-2040) and a 

substantial increase after 2041. In AR4, the A1B scenario is considered an intermediate scenario 

between high (A2 scenario) and low (B2 scenario) greenhouse gas emissions. 

Independent of the considered scenario, it is well known that the water supply is closely 

related to climate patterns. In this way, climate changes modify the rainfall regime and increase 

the occurrence of extreme hydrological events, such as maximum discharges and long periods 

of drought. According to Nobre et al. (2011), although there is a considerable level of 

uncertainty regarding precipitation projections, there is significant convergence in the scenarios 

of a generalized increase in average air temperature and the frequency of heatwaves and hot 

nights (Marengo, 2007), thus impacting and consistently increasing water loss through 

evaporative processes and contributing to reduced water availability. 

In this context, this research evaluated the hydrological impacts projected by two future 

scenarios (RCP4.5 and RCP8.5) using the downscaling of three GCMs (CanESM2, HadGEM2-

ES and MIROC5) by the Eta Regional Climate Model, in the Verde River Basin, southeast 

Brazil. The VIC model has been widely used worldwide at basin macro-scales and has proved 

to be an effective tool for assessing climate change effects on a hydrological cycle. The novelty 

in this research is applying the VIC model on a micro-scale in a tropical headwater basin and 
evaluating the impacts projected by different GCMs in the headwater Grande River Basin. In 

addition, in order to improve the reliability and robustness of future projections, ensembles of 

hydrological models will be evaluated. 

The VIC model has been used in larger scales; however, calibrating and validating a 

smaller scale basin can be helpful for analyzing model performance in representing local 

hydrological processes, as headwater basins in Brazil are not as monitored as larger watersheds. 

Thus, extrapolating for a larger-scale is expected to facilitate parametrization. Besides model 
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performance, the impacts of climate changes on smaller-scale can be helpful for management 

policies; i.e., the Rio Verde Basin (RVB) has its own Basin Committee, and it is responsible 

for administrating water uses. 

2. MATERIAL AND METHODS 

2.1. Study Area 

The Verde River Basin (VRB) has a drainage area of approximately 4,100 km2, with an 

elevation ranging from 809 to 2,742m, and is located in the headwater of the Grande River 

Basin, draining to the Furnas Hydropower Plant Reservoir, which has an installed capacity 

of 1,216 MW, the most important facility in southeast Brazil (Figure 1). The Grande River 

Basin is an important Brazilian river for hydroelectric production in the country (Viola et al., 

2014; Oliveira et al., 2018; Bueno et al., 2020). In this study, the wet season encompasses the 

period between October and March, while the dry season runs from April to September. The 

hydrological year extends from October to September of the following year. 

According to the K�̈�ppen classification, Cwb predominates in the basin. The mean annual 

rainfall is approximately 1,500mm, and the annual mean temperature is 18°C, with a dry winter 

season (Mello et al., 2012). The dominant soil classes in the highest parts of the Verde River 

Basin are Argisol (65.3%), Latosol (23.3%) and Cambisol (8.9%), with rocky outcrops (1.3%) 

and Fluvic Neosol (1.2%) in the lower parts (watershed lowlands). Main land uses include 

Pasture (69.2%), Forest (21.3%), Eucalyptus (0.2%), Agriculture (7%) and Urbanization 

(0.6%). 

 
Figure 1. Geographical location of the Verde River Basin outlet in the Paraná River Basin 

and Grande River Basin, Minas Gerais state, southeast Brazil; and its Digital Elevation 

Model (DEM) and geographical location of the weather and streamflow gauge stations. 



 

 

5 Climate change impact assessment in a tropical … 

Rev. Ambient. Água vol. 17 n. 1, e2753 - Taubaté 2022 

 

2.2. VIC model and set-up for the study area 

The VIC model is a grid-based macroscale semi-distributed land surface hydrological 

model, which consists of two modules: (i) rainfall-runoff (Liang et al., 1994; 1996; Liang and 

Xie, 2001) that simulates the water and energy fluxes that govern the terrestrial hydrological 

cycle; and (ii) routing model (Lohmann et al., 1996; 1998) that calculates the discharge using 

linearized de Saint-Venant equations.  

The VIC model calculates water balance on grid cells using a three-layer soil column. In 

the upper soil layer, the variable soil moisture capacity curve controls infiltration and surface 

runoff, and the lower soil layer controls the baseflow generation, using ARNO model 

formulation (Todini, 1996).  

The VIC model was manually calibrated and implemented at a spatial resolution of 0.01° 

x 0.01° (3768 grid cells), and daily and monthly temporal resolution. ASTER sensor data with 

a 30-m resolution was used to obtain the Digital Elevation Model (DEM). Images of the Landsat 

8 sensor with 30-m resolution were used to obtain the land-use/cover map through supervised 

and object-oriented classification techniques, and the soil class map was provided by the State 

Foundation for the Environment. The atmospheric variables in the calibration phase (daily 

precipitation, maximum and minimum temperatures, and wind speed) were obtained from the 

meteorological stations of National Institute of Meteorology (Figure 1). The same variables 

were obtained from the climate models in the baseline period (1961 – 2005) and in radiative 

forcing future scenarios (2011 – 2099). 

The study period, from 1990 to 2005, was divided into three parts: warm-up (1990–1992), 

calibration (1993–1999), and validation (2000–2005). The assessment of model performance 

was carried out using daily discharge data observed at the “Três Corações” gauge station, 

obtained from the National Water Agency and Basic Sanitation (Figure 1). 

2.3. Statistical tools for model evaluation and metrics for assessment of the hydrological 

changes 

In order to evaluate the VIC model performance in reproducing observed daily discharge, 

four precision statistics were calculated: (i) coefficient of determination (R2) that describes the 

variance between simulated and observed discharge; (ii) Nash-Sutcliffe efficiency coefficient 

(CNS) that reflects the matching degree between simulated and observed discharge (Nash and 

Sutcliffe, 1970); (iii) Relative error (Pbias) that is employed to measure the mean tendency of 

the difference between simulated and observed discharges (Gupta et al., 1999); and (iv) Kling-

Gupta efficiency (KGE) that is a decomposition of the CNS into three components: correlation 

coefficient (r), bias (β), and variability (α) (Gupta et al., 2009).  

KGE addressed by Gupta et al. (2009) relies upon two facts in using CNS to assess model 

performance: (i) bias is normalized by the standard deviation of the observed values, and for 

cases where the variability in the observed discharge is high, having less importance in the 

computation of CNS; and (ii) the maximum value of CNS is obtained when α = r; therefore, 

since r will always be less than 1, when using CNS to evaluate performance of the model, we 

tend to select a value that underestimates the variability of discharge. According to Moriasi et 

al. (2007), R2 and CNS values greater than 0.50 are considered acceptable, and Pbias less than 

|25%| presents satisfactory results. 

In order to assess the VIC model capability to simulate discharge, when forced with climate 

models simulations, Flow Duration Curve (FDC) indices were used, following the “signature 

measures” of Yilmaz et al. (2008). To characterize the information in an FDC, we partitioned 

the curve into three different segments: (i) high-flow segment volume (MWH) with exceedance 

probabilities lower than 0.02, which presents watershed response to large precipitation events; 

(ii) low-flow segment volume (MWL) with exceedance probabilities higher than 0.9, which 

shows long-term sustainability of discharge; and (iii) mid-segment slope (MS) with exceedance 



 

 

Rev. Ambient. Água vol. 17 n. 1, e2753 - Taubaté 2022 

 

6 Vinícius Siqueira Oliveira Carvalho et al. 

probabilities between 0.2 and 0.7. Additionally, we appraised the seasonal variability between 

wet and dry season discharges (Season), according to Ley et al. (2011). For assessing climatic 

change, the variability between baseline period and radiative forcing scenarios (RCP4.5 and 

RCP8.5) was determined. 

2.4. Climate Models, Downscaling and Bias Correction 

The climate simulations used in this study were based on the dynamical downscaling of 

three GCMs (Table 1) simulations using the Eta regional climate model, referred to as Eta-

HadGEM2-ES, Eta-CanESM2, and Eta-MIROC5. According to Chou et al. (2014a; 2014b; 

2018), in a study on South America, these models showed better performance in representing 

the current climate. It should be highlighted that uncertainty analysis inherent to climate change 

scenarios should consider several models (Knutti and Sedláček, 2013). Once uncertainties are 

inherent to the climate change projections, the impact assessments should prioritize multi-

model climate projections to generate a range of plausible scenarios (Taylor et al., 2012). This 

multi-model approach is called “ensemble mean”. 

Table 1. Global circulation models (GCM) descriptions. 

GCM 
Horizontal resolution 

(lat x long) 
Vertical resolution Reference 

CanESM2 2.75º x 2.8125º 35 levels Arora et al. (2011) 

MIROC5 150 km x 150 km 40 levels Watanabe et al. (2010) 

HadGEM2-ES 1.274º x 1.875º 38 levels Collins et al. (2011) Martin et al. (2011) 

The Eta model has been adapted by the Center for Weather Forecast and Climate Studies 

for studies in Central and South America (Pesquero et al., 2010; Chou et al., 2012; Mesinger et 

al., 2012; Marengo et al., 2012). The vertical discretization at horizontal geodetic levels is 

critical for weather models, especially when applied in regions of steep topography (Mesinger 

et al., 2012). The atmosphere is represented vertically up to the pressure level of 25 hPa with 

38 layers (Black, 1994).  

The downscaling method provided simulations with spatial resolution of 20-km covering 

the period from 1961 to 2005 for baseline, and future scenarios (RCP4.5 and RCP8.5) that were 

divided in three time-slices: near-future (2011–2040), mid-century (2041–2070), and end-

century (2071–2099). The daily variables simulated by the Eta model used to assess the 

potential hydrological impacts on the Verde River Basin were precipitation, maximum and 

minimum temperatures, and wind speed. 

However, simulations from RCMs, such as the Eta model, are subjected to systematic 

biases (Graham et al., 2007; Rodrigues et al., 2020), mainly caused by errors in 

conceptualization, discretization and spatial resolution of climate variables within a grid-cell 

(Teutschbein and Seibert 2012). Therefore, biases of RCM variables were corrected based on 

observed meteorological data from two stations within the Verde River Basin area. The linear 

scaling method was used for precipitation, maximum and minimum temperatures as proposed 

by Lenderink et al. (2007), and for wind speed as proposed by Haddeland et al. (2012). The 

corrections are based on the differences between mean data observed in meteorological stations 

and data simulated from RCM in the baseline period (Teutschbein and Seibert, 2012).   

2.5. Future Scenarios 

The RCP4.5 scenario represents a stabilization scenario, consolidating the radiative forcing 

at 4.5 W m-2 in the year 2100 (Thomson et al., 2011), and CO2 concentrations smaller than 550 
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ppm (Wise et al., 2009). This scenario assumes that climate change policies are included in the 

countries’ political-economic-social planning, as well as the development of technologies 

combined with the expansion of renewable energy (Thomson et al., 2011) and reduction of 

fossil fuel consumption and emissions (Clarke et al., 2007; Wise et al., 2009). 

On the other hand, the RCP8.5 is the most pessimistic scenario for the 21th century, with 

CO2 concentrations equivalent to 1370 ppm (van Vuuren et al., 2011), following high disorderly 

growth demographic, low development of technologies to reduce pollution and the absence of 

public policies (Riahi et al., 2011). According to van Vuuren et al. (2011), the increase in energy 

demand and the excessive use of non-renewable energies, mainly mineral coal,characterize the 

worst scenario of greenhouse gas concentrations in 2100. 

3. RESULTS AND DISCUSSION 

3.1. VIC Model Performance 

Table 2 shows the precision statistics values for calibration and validation for the daily and 

monthly discharges in a micro-scale tropical headwater basin. According to Moriasi et al. 

(2007), the statistical indices showed “good” and “satisfactory” performances of the VIC model 

for predicting the daily discharges in calibration and validation periods. The KGE presented as 

better than CNS for daily discharge for both calibration and validation periods, wherein the 

component representing the bias (β) was dominant for better performance. 

Table 2. Precision statistics of the VIC model for daily and monthly 

mean discharge. 

Statistics Index 
Calibration (1993-1999) Validation (2000-2003) 

Daily Monthly Daily Monthly 

R2 0.85 0.92 0.85 0.91 

CNS 0.79 0.85 0.77 0.80 

Pbias 14.85 14.99 14.48 13.79 

KGE 0.83 0.83 0.78 0.76 

The VIC model performance for Verde River Basin is similar to that in studies 

accomplished in the Grande River Basin headwater (Viola et al., 2014; Alvarenga et al., 2016a; 

Oliveira et al., 2017; 2018), as well as studies worldwide using this model for different purposes 

(Chawla and Mujumdar, 2015; Wang et al., 2019; Yang et al., 2019; Dang et al., 2020). 

Daily hydrographs for calibration and validation periods are presented in Figure 2. The 

comparison between simulated and observed discharge shows overestimation in some peak 

flows and, for the recession period, the simulated discharges are underestimated. In general, 

other studies have shown difficulties in simulating peak and recession flows with different 

hydrological models. In studies in the Grande River Basin headwater, Viola et al. (2014) and 

Oliveira et al. (2017), using LASH and SWAT models, respectively, showed underestimation 

of the simulated discharges during the validation period. In the same region, Alvarenga et al. 

(2016b), applying the DHSVM model, presented underestimation during the dry season and 

overestimation during the wet season. 

3.2. Hydrologic responses to climate change 

Figure 3 shows projected changes of monthly hydrological variables (ensemble mean) 

including precipitation, maximum and minimum temperatures, evapotranspiration, total runoff 

and discharge for three time-slices (2011-2040, 2041-2070, and 2071-2099), under two 

emission scenarios (RCP4.5 and RCP8.5), relative to baseline period (1961 - 2005). 
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Figure 2. Observed and simulated daily and monthly discharges during 

calibration (1993-1999) and validation (2000-2005) periods. 

 
Figure 3. Projected monthly changes in hydrometeorolgical variables of three RCMs 

(ensemble mean): (a) Precipitation (P); (b) Maximum Temperature (Tmax); (c) Minimum 

Temperature (Tmin); (d) Evapotranspiration (ET); (e) Total Runoff (TR); and (f) Discharge 

(Q). P, Tmax and Tmin are derived from meteorological forcing data while ET and TR are 

simulated by the VIC model and Q by the Routing Model. Each shaded range is bounded by 

the minimum and maximum of the three RCMs under RCP4.5 (blue) and RCP8.5 (red). 
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Regarding the ensemble mean of precipitation (Figure 3a), the RCP4.5 scenario presented 

a wider range for the 2011 to 2040 period, mainly during the dry season (April-September). On 

the other hand, the RCP8.5 indicated a wider ensemble range from July to December by the 

end-century, which may imply impacts on agriculture, reduction of underground recharge, 

reduction of baseflow and hence water supply during the dry season.  

Overall, there is a change in seasonality between radiative scenarios, with the RCP4.5 

showing higher variability in the dry season from 2011 to 2040, while RCP8.5 at the beginning 

of the wet season from 2071 to 2099. At the end of the century, both scenarios showed stronger 

changes in August, with a reduction of 23.7% (RCP4.5) and 36.6% (RCP8.5). Among the 

RCMs, the Eta simulations driven by HadGEM2-ES showed higher impact in annual 

precipitation, mainly during the wet season, indicating a reduction of 17.4 and 32.3% for RCPs 

4.5 and 8.5, respectively.  

Maximum temperature (Figure 3b) and minimum temperature (Figure 3c) changes 

produced similar ensemble ranges in the near-future (2011-2040), indicating minimum 

difference between radiative scenarios and RCMs. However, at the end of the century, the 

RCMs projected strong warming in all months, mainly under RCP8.5. From September to 

January, the ensemble mean showed warming varying from 3.7 to 4.8°C (RCP 4.5) and 7.6 to 

8.7°C (RCP8.5) for maximum temperature, and from 2.3 to 3.1°C (RCP4.5) and 4.1 to 5.7°C 

(RCP 8.5) for minimum temperature.  

Between 2071 and 2099, the Eta-CanESM2 presented increased change in mean annual 

maximum and minimum temperatures, with a mean increase of 4.7 and 3.1°C for RCP4.5, 

respectively. Under RCP8.5, the ensemble mean indicated a mean increase of 10.2 and 5.4°C, 

respectively. The climate models were highly correlated at near and mid-future; however, the 

results in the end-future presented a wider range, indicating low reliability.  

The ensemble mean of evapotranspiration (Figure 3d) showed similar behavior to that of 

precipitation, with the RCP4.5 indicating increased variation during the dry season from 2011 

to 2040, and RCP8.5 from July to December by the end the century, wherein August and 

September indicated increased changes with a decrease of 28.6 and 26.0%, respectively. At the 

end of the century, the Eta-CanESM2 and Eta-HadGEM2-ES indicated stronger changes in 

mean annual evapotranspiration under RCP8.5, with a decrease of 20.6 and 21.0%, respectively, 

while Eta-MIROC5 presented an increase of 9.0%.  

Total runoff (Figure 3e) indicated impacts in all months, with ensemble mean varying from 

-21.6 to -10.1% (RCP4.5) and from -32.7 to -6.9% (RCP8.5) by the end of the century (2071 to 

2099). The Eta-HadGEM2 showed stronger decreases in the mean annual total runoff, with 

reduction of 57.8, 39.2 and 42.3% under RCP4.5, and 38.2, 41.3, and 54.0% under RCP8.5 

during 2011 to 2040, 2041 to 2070, and 2071 to 2099, respectively. 

With the routing model, the ensemble mean of discharge (Figure 3f) showed similar 

behavior to that of total runoff, indicating negative changes for all months, wherein two first 

time-slices (2011-2040 and 2041-2070) showed small changes between RCPs 4.5 and 8.5. 

However, at the end the century, the ensemble mean of RCP8.5 presented a decrease varying 

from 24.5 to 32.2% between February and September, while RCP4.5 showed a reduction from 

12.4 to 22.0% for the same period. 

Although a three-model ensemble is a limitation in uncertainty analysis in these 

projections, it gives an indication of the conditions in which models agree or diverge (Chou et 

al., 2014a). Overall, the models agree in a tendency to increasing maximum and minimum 

average temperatures. Changes in precipitation estimation over VRB are uncertain. This is also 

observed in regional scale projections by RCMs worldwide, due to model uncertainty while 

simulating plants’ water-use response to changes of CO2 concentration (Lehner et al., 2019). 

Thus, changes in simulated discharge and total runoff reflect these uncertainties of precipitation 

simulations by RCMs (Mello et al., 2021).  
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The impacts of climate change on the hydrology of the Verde River Basin are investigated 

by assessing the changes in mean monthly and annual discharges for three future time-slices 

(2011–2040, 2041–2070 and 2071–2100) under the RCP4.5 and RCP8.5 scenarios relative to 

the baseline (1961-2005). Figure 4 shows the mean monthly discharge for the RCMs Eta-

CanESM2, Eta-HadGEM-ES and Eta-MIROC5, under future projections (RCP4.5 and RCP8.5) 

and changes relative to the baseline period. 

 
Figure 4. Mean monthly discharge (Q) simulated by the VIC model forced by 

RCMs Eta-CanESM2, Eta-HadGEM2-ES, and Eta-MIROC5 for the three time-

slices (2011-2040, 2041-2070, and 2071-2099) under RCP4.5 (blue) and RCP8.5 

(red), and changes (%) of both scenarios relative to the baseline period (1961-

2005). 

At the beginning of the century (2011 to 2040), the annual mean discharge projected based 

on Eta-MIROC5 decreased 11.7 and 26% for RCP4.5 and RCP8.5, respectively, whereas Eta-

CanESM2 indicated an increase of 18.5 and 8.8% under RCP4.5 and RCP8.5, respectively. The 

Eta-HadGEM2 showed more impact for all the periods, mainly for the near-future (2011-2040) 

under RCP4.5 (-53.4%) and end-century (2071-2099) under RCP8.5 (-49.2%). This more 

pronounced impact was expected, since Eta-HadGEM2-ES projected reduction on precipitation 

throughout the year, especially during the wet season. Thus, other studies have also reported 

higher impacts by reduced discharge in watersheds over Central and Southeast Brazilian regions 

based on Eta-HadGEM2-ES (Ribeiro Neto et al., 2016; Oliveira et al., 2017; 2019). 

From January to March, the mean monthly discharge of Eta-CanESM2 under RCP4.5 

showed an increase for all periods, with changes varying from 29.6 to 33.7% for the near-future 

(2011-2040), from 3.0 to 14.2% for the mid-century (2041-2070), and from 8.1 to 30.5% for 

the end-century (2071 to 2099). Also, this behavior was observed in the first time-slice under 

the RCP8.5 (varying from 12.7 to 22.9%). In contrast, at the end of the 21st century, the Eta-
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CanESM2 under RCP8.5 presented reductions varying from 26.2 to 67.2%, with the beginning 

of the wet period (October and November) presenting greater impacts. 

 As opposed to Eta-HadGEM2-ES, the Eta-CanESM2 projections indicate an increase in 

precipitation during the wet season, especially in RCP4.5. As a result, discharge predictions 

indicate an increase in the mean monthly value for this season. In a study for watersheds in 

southern Brazil, Resende et al. (2019) observed an increase in extreme discharge events for 

RCP4.5 and RCP8.5 scenarios from discharge simulations also using Eta-CanESM2 data. 

Regarding Eta-MIROC5, both scenarios showed few changes during the beginning of the 

wet season (October-December) from 2011 to 2040, varying from 6.7 to 9.1% (RCP4.5) and -

8.9 to 1.4% (RCP8.5). However, from October to December at the end of the century, the 

RCP8.5 indicated a stronger increase, ranging from 50.6 to 107.7%, whereas RCP4.5 presented 

behavior similar for the near-future (2011-2040).  

3.3. FDC Signatures 

Figure 5 shows variability between baseline (1961-2005) and time-slice (2011-2040, 2041-

2070 and 2071-2099) signature indexs of the Flow Duration Curve (FDC) in Verde River Basin, 

and Figure 6 presents daily discharge simulated by the VIC model using data of future scenarios 

(RCP4.5 and RCP8.5) projected by the Eta-CanESM2, Eta-HadGEM2-ES, and Eta-MIROC5. 

 
Figure 5. Change (%) between baseline (1961-2005) and time slices (2011-2040, 

2041-2070 and 2071-2099) signatures of the Flow Duration Curve (FDC) in the Verde 

River Basin. Simulated discharges are the result of hydrological model simulations 

using data of future scenarios (RCP4.5 and RCP8.5) projected by the RCMs (Eta-

CanESM2, Eta-HadGEM2-ES and Eta-MIROC5). High flow segment of the FDC 

(MWH); low flow segment of the FDC (MWL); slope of the FDC at the medium range 

(MS); differences between wet and dry season discharges (Season). 
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Figure 6. Flow Duration Curve (FDC) of daily discharge (Q) simulated by VIC using data of 

baseline (BL) and future scenarios (RCP4.5 and RCP8.5) projected by the RCMs (Eta-

CanESM2, Eta-HadGEM2-ES and Eta-MIROC5). 

The basin hydrological response showed an increase towards greater precipitation events 

under Eta-CanESM2 for all the time-slices, wherein RCP4.5 indicated an increase of 60.3, 52.0 

and 73.5%, and RCP 8.5 increased 58.7, 58.9 and 63.5% from 2011 to 2040, 2041 to 2070, and 

2071 to 2099, respectively. In contrast, the Eta-HadGEM2-ES and Eta-MIROC5 presented a 

reduction in different magnitudes, except for third time-slice under RCP8.5, which showed an 

increase of 4.0% (Eta-HadGEM2-ES) and 10.4% (Eta-MIROC5). However, there is a 

consensus among discharge simulations from RCMs projections in the Verde River Basin for 

the low-flow segment of the FDC (MWL), indicating reduction in dry season discharge. This 

result is consistent with an Oliveira et al. (2017) study in the Grande River Basin headwaters. 

Thus, these reductions in the low flow regime in the tropical headwater basin can impact the 

region with long and extreme droughts (Oliveira et al., 2017). 

Concerning the mid-segment slope, the Eta-HadGEM2-ES showed a higher decrease, with 

MS varying from -32.1 to -52.5% under RCP4.5, and from -34.4 to -63.0% under RCP8.5. This 

impact also occurred for the recession flows (MWL), in which Eta-HadGEM2-ES indicated a 

reduction of 79.2% (RCP4.5) and 85.6% (RCP8.5) for near-future (2011-2040), and 51.6% 

(RCP4.5) and 72.0% (RCP8.5) at the end-century (2071-2099). Figure 6 clearly shows the 

changes in the FDC and steep slope of the curve, indicating lower long-term sustainability of 

discharge, and, consequently, longer dry periods.  

According to Yilmaz et al. (2008), a steep mid-segment slope indicates lower soil storage 

capacity and, hence, larger surface runoff, while a flatter slope is associated with watersheds 

having slower groundwater flow response. Moreover, in relation to components of water 

balance, the Eta-HadGEM2-ES showed larger changes, mainly during the spring season. 

Regarding the Season index, the Eta-MIROC5 showed high variability and seasonality, 

indicating greater difference between the wet and dry seasons of future projections (RCPs 4.5 

and 8.5) when compared to the baseline period, which may influence the water supply in the 

dry season throughout the century. Despite indicating a steep slope of the curve (Figure 6), the 

EtaHadGEM2-ES presented low variability between seasons (dry and wet) both RCP4.5 and 

RCP8.5.  
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Overall, the Eta-CanESM2 indicated an increase in the maximum discharge (MWH) and 

a reduction in the recession flows (MWL), i.e., smaller natural-flow regulation capacity, 

impacting on the water-resource management in the basin. The Eta-MIROC5 showed a slight 

reduction of MWH, MS and MWL under RCP4.5, and an increase of MWH and MS for RCP8.5 

by the end of the century. Regarding the Eta-HadGEM2-ES, the signatures of FDC showed 

stronger impact on both maximum and minimum discharges.  

4. CONCLUSION 

The VIC was combined with three climate models and two radiative forcing scenarios in 

order to evaluate the changes in hydrological response in the Grande River Basin and the 

relative importance of each different input of the hydrological model. 

Overall, the VIC model was effective in simulating a micro-scale tropical headwater 

watershed for climate change studies. This is especially important in studies for large-scale 

watersheds as the model is able to represent hydrological processes at local conditions, as 

headwater watersheds are not as monitored in Brazil. The hydrological model showed 

satisfactory statistical performance, overestimating, however, some peak flows, and 

underestimating the recession flows. 

The ensemble mean of precipitation showed small changes between radiative forcing 

scenarios. However, in August, precipitation showed a stronger decrease at the end of century 

in RCPs 4.5 (-23.7%) and 8.5 (-36.6%). Furthermore, for precipitation, only from August to 

December shows a decrease in mensal values, while in other months the predict change signal 

is not clear. Regarding temperature changes, the Eta-CanESM2 indicated greater warming, 

mainly under RCP8.5 at the end of the century, with an increase of 5.4 and 10.2°C for mean 

annual temperature minimum and maximum, respectively. The analysis of uncertainties 

showed that in general the largest share of uncertainty is related to climate models (the same 

radiative forcing, different models simulate different changes), and radiative forcing scenarios, 

due to the uncertainty of future radiative forcing and, hence, climate. Thus, exploring these 

uncertainties at the regional scale can enhance the reliability of climate change impact 

projections for watersheds. 

The climate model choice remained the dominant factor for mean discharge, as well as in 

the signatures of the Flow Duration Curve (FDC). Signal of reduction in the majority of the 

signatures of the FDC is clearer for the simulated discharge using data of Eta-HadGEM2-ES 

than for the remaining two climate models. Regarding mean monthly discharge, the Eta-

HadGEM2-ES showed higher reductions for all periods under both radiative forcing scenarios, 

wherein RCP4.5 presented more impact at the beginning of the century, and under RCP8.5, at 

the end of the century. The results indicated high vulnerability of the region regarding water 

uses in the future, mainly for Eta-HadGEM2-ES projections, negatively impacting water 

availability, agriculture and livestock production, and potential for hydro-electric generation. 
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ABSTRACT  
In a scenario of increasingly frequent water crises, the use of treated wastewater is an 

important water management tool, with quality standards being developed worldwide to ensure 

safety in such practices. In this context, it is necessary to guarantee the reliability of wastewater 

treatment plants (WWTP). Reliability has been used to predict the probability of reaching the 

established standards or determine the design concentrations required to achieve them. This 

study associated the reliability concept with the study of WWTP in the steel industry, focusing 

on water use. The method developed by Niku et al. (1979) and used by Oliveira and Von 

Sperling (2008) was used to determine the coefficient of reliability, the mean project 

concentrations, and the percentage of compliance with the parameters required by the 

legislation of 3 WWTPs that treat industrial effluents and 1 WWTP that treats sanitary effluent. 

The percentages of compliance with legislation for most parameters were equal to or close to 

100%, indicating an excellent performance of the 4 WWTPs, which could even allow the 

adoption of even higher levels of reliability. Therefore, the reliability studies together with a 

modeling of the contaminants’ dispersion in the soil proved to be a very interesting approach 

for projects related to non-potable uses of treated wastewater in steel industries. 

Keywords: reliability, soil disposal, water reuse. 

Análise de confiabilidade como ferramenta de apoio para projetos 

focando em usos não potáveis de águas residuárias tratadas em 

indústrias de Siderurgia 

RESUMO 
Em um cenário de crises hídricas cada vez mais frequentes, o uso de águas residuárias 

tratadas (ART) aparece como uma importante ferramenta de gerenciamento hídrico, sendo 

desenvolvidos em todo o mundo padrões de qualidade a fim de garantir a segurança na 

utilização de ART. Nesse contexto, é preciso garantir a confiabilidade das estações de 

tratamento de esgoto (ETE). A confiabilidade vem sendo utilizada para prever a probabilidade 

de alcance dos padrões estabelecidos ou para determinar a concentração de projeto necessária 

para esse atingimento. O presente trabalho teve como objetivo a associação do conceito de 
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confiabilidade ao estudo de ETEs de uma indústria siderúrgica, no tocante à produção de água 

para reúso. Para tanto, foi utilizado o método desenvolvido por Niku et al. (1979) e utilizado 

por Oliveira e Von Sperling (2008) para a determinação do coeficiente de confiabilidade, das 

concentrações médias de projeto e do percentual de atendimento aos parâmetros exigidos pela 

legislação de 3 ETEs que tratam efluentes industriais e 1 ETE que trata efluente sanitário. Os 

percentuais de cumprimento da legislação para a maioria dos parâmetros foram iguais ou 

próximos a 100% indicando um excelente desempenho das 4 ETEs, podendo inclusive permitir 

a adoção de níveis de confiabilidade ainda mais elevados. Portanto, os estudos de confiabilidade 

em conjunto com a modelagem da dispersão de contaminantes no solo mostraram-se uma 

abordagem muito interessante para projetos relacionados ao uso não potável de águas 

residuárias tratadas em indústrias siderúrgicas. 

Palavras-chave: confiabilidade, disposição no solo, reúso de água. 

1. INTRODUCTION 

In a scenario of increased water consumption across the planet, deterioration of water-body 

quality, and increased severity and frequency of water crises, the use of treated wastewater 

(TWW) proves to be an important water management tool (Sgroi et al., 2018; Capodaglio, 

2020). Despite its importance, it is estimated that only 50% of wastewater generated globally 

is treated, of which only 11% is reused (Jones et al., 2021). 

The TWW reuse can be an option for various activities that, in many cases, have less 

restrictive standards than potable water. To enable the use, the TWW must achieve the required 

quality, attending to specific water standards, which vary according to the application. 

Treatment technologies have been studied and adopted to reduce the time between wastewater 

generation and the recovery of its quality. However, this can pose a safety issue for the water 

cycle, as the time to detect and respond to any failure is reduced (Capodaglio, 2020). A concept 

used in monitoring wastewater treatment plants (WWTPs) is reliability, which refers to the 

percentage of time during which TWW can reach established parameters (Alderson et al., 

2015). Thus, a WWTP that always reaches the expected discharge values, which is the absence 

of performance failures, is considered 100% reliable (Alderson et al., 2015). 

However, it is unlikely that a WWTP will not fail due to design and operation sensitivities 

and the variations in wastewater characteristics. Therefore, it is necessary to consider an 

acceptable failure probability, establishing a reliability level, such as the one developed by Niku 

et al. (1979), and known as the coefficient of reliability (COR). According to this method, the 

mean constituent concentration can be associated with the current legislation limits based on a 

probabilistic analysis. 

Reliability studies are used to predict the probability of WWTPs in reaching established 

standards or determining the design or operation concentration necessary to establish a specific 

discharge pattern, which directly influences the capital and operational treatment costs 

(Lombard-Latune et al., 2018). Therefore, if a low probability of failure is desired, there is an 

increase in the treatment costs. In WWTPs that allow a greater risk of failure, costs become 

lower, making it necessary to quantify the tangible and intangible costs linked to the violation 

of legislative standards (Oliveira and Von Sperling, 2008). 

Reliability studies were also developed by Oliveira and Von Sperling (2008), who 

analyzed the reliability of 166 WWTPs, investigating six treatment processes. Silveira (2011) 

analyzed the performance, efficiency, and reliability of treatment plants located in Fortaleza, 

Ceará, Brazil, to accomplish the discharge limits on surface water. In a similar objective, Alves 

et al. (2021) evaluated the reliability of stabilization ponds of 10 full-scale systems operating 

in Northeastern Brazil, finding that the 95% reliability scenario is not very feasible for these 
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systems. The reliability concept can be used for different purposes. For instance, Alderson et 

al. (2015) investigated 56 large-scale WWTPs for TWW reuse in aquaculture and agriculture 

in Northeastern Brazil, including nine different and low-cost treatment technologies.   

However, just a few studies associated the reliability analysis with water reuse patterns, 

especially with soil release. Predicting the percolating liquid behavior becomes an important 

tool since the contaminants present in the solution can be absorbed by plants in the soil and/or 

precipitates. Moreover, they may also leach into deeper soil layers, even generating 

environmental impacts and contamination risks (Basso and Kiang, 2017). This knowledge is 

especially relevant for sandy soils since these, in general, have low concentrations of organic 

matter and clay minerals that have greater ion exchange capacity than silts and sands. This 

characteristic represents a greater probability of groundwater contamination due to the high 

hydraulic conductivity and the low capacity to retain ions (Oliveira et al., 2010). The knowledge 

of soil physicochemical properties, proximity to underground aquifers, wastewater composition 

etc. can help decide the reliability level that a treatment plant will operate when a reuse project 

is conducted. Therefore, based on an assumed failure percentage, it is possible to calculate the 

concentration of effluent required, sometimes demanding process adjustments or step 

increments in the treatment plants. 

This work conducted a reliability study of 4 steel-industry WWTPs, 3 for industrial 

effluents and 1 for sanitary effluents, in order to complement contaminant-mobility studies and 

evaluate the possibility of water reuse.  

2. MATERIAL AND METHODS 

2.1. Study area and data survey 

The study used data from a steel industry located in Pecém, Ceará, Brazil. The industry 

produces around 359,000 m³ month-1 of TWW with both industrial and sanitary characteristics. 

The generated wastewater is mainly from raw material yards, steelworks, continuous casting, 

cafeterias, and toilets treated in four WWTPs inside the industry. The steel industry provided 

the monitoring data for the years 2017 and 2018. The parameters and the analysis frequencies 

varied according to the treatment plant. The WWTPs, treatment processes, and the origin of 

TWW are shown in Table 1. 

Table 1. WWTPs, wastewater origin, and treatment process. 

WWTP Name Wastewater origin Treatment process 

Plate cooling 
WWTP 

1 
Plate cooling 

Reaction tank and thickener for clarification and removal 

of fluorides 

Raw material 

yard 

WWTP 

2 
Raw material yard Equalization, coagulation/sedimentation, and sand filters 

Principal 
WWTP 

3 

Multiple siderurgy 

activities 
Equalization, coagulation/sedimentation, and sand filters 

Sanitary 
WWTP 

4 
Sanitary wastewater 

Activated sludge of extended aeration and disinfection 

with chlorine in a contact tank 

2.2. Parameters to water reuse 

The parameters adopted were those established by COEMA (Conselho Estadual de Meio 

Ambiente) Resolution 02/2017, from Ceará state, Brazil (COEMA, 2017). The standards 

adopted may vary according to the proposed use and current regulations. 

For industrial WWTPs 1, 2 and 3, the following parameters specified for TWW in 

metallurgical industries were analyzed: total chromium, hexavalent chromium, lead, cadmium, 
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copper, nickel, soluble iron, total cyanide and free cyanide. Since among the possible uses for 

TWW is soil application, parameters whose limits were established in the resolution were also 

analyzed: pH, temperature, and total suspended solids (TSS). Furthermore, the study also 

covered some elements whose knowledge is relevant to understanding soil behavior: aluminum, 

zinc, nitrate, and nitrite.  

For WWTP 4 (Sanitary), aluminum, ammonia, BOD, thermotolerant coliforms, pH, TSS, 

and temperature were analyzed. 

2.3. Outliers removal and descriptive statistics  

A data procedure to remove outliers followed the methodology adopted by Silveira (2011), 

as shown in Equations 1 and 2. 

𝐿𝑖𝑛𝑓 =  𝑄𝑖𝑛𝑓 − 1,5(𝑄𝑠𝑢𝑝 −  𝑄𝑖𝑛𝑓)                         (1) 

𝐿𝑠𝑢𝑝 =  𝑄𝑠𝑢𝑝 − 1,5(𝑄𝑠𝑢𝑝 −  𝑄𝑖𝑛𝑓)                                                  (2) 

Where Linf is the inferior limit, Lsup is the superior limit, Qinf is the inferior quartile, and 

Qsup is the superior quartile. 

An analysis based on descriptive statistics with the calculation of mean, median, 

maximum, minimum, standard deviation, and different percentiles was also developed. The 

values were used in the preparation of box-plot graphs. 

2.4. Reliability analysis 

In the reliability study, a lognormal distribution was assumed for all analyzed parameters. 

This distribution is considered the most adequate for most of the wastewater constituents 

(Alderson et al., 2015; Alves et al., 2021; Oliveira and Von Sperling, 2008). 

The methodology was developed by Niku et al. (1979), and it was used by Oliveira and 

Von Sperling (2008) to calculate the coefficient of reliability (COR). Thus, the COR was 

obtained through the relationship between the coefficient of variation (CV) and the standardized 

normal variable for a certain level of reliability (Z1-α), according to Equation 3. To determine 

Z1-α, a standardized relationship between this value and reliability (1-α) was used, as shown by 

other researchers (Orumieh et al., 2014; Oliveira and Von Sperling, 2008). COR was calculated 

for a 95% reliability level, a value pointed out in a study by Oliveira (2006) as adequate for the 

study of WWTPs. For this value, Z1-α is equal to 1.645.  

𝐶𝑂𝑅 = (√𝐶𝑉2 + 1). 𝑒𝑥𝑝 [−𝑍1−∝ √𝑙𝑛(𝐶𝑉2 + 1)]                                                            (3) 

Where COR is the coefficient of reliability, CV is the coefficient of variation (standard 

deviation divided by the mean actual effluent value), and Z1-α is the reduced central normal 

variable corresponding to the probability of non-exceeding (1-α). 

From the product of COR and the quality goals for reuse, the mean project concentrations 

were calculated for each parameter to reach the established limits. Then, the expected 

percentage of compliance to the adopted launch targets was calculated. In their work, Niku et 

al. (1979) proposed an equation derived from the probability density function integration of the 

normal distribution. However, other authors used relations between the normal and lognormal 

distributions to develop a simpler equation without performing this integration (Orumieh et al., 

2014), represented by Equation 4. 
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𝑍1−∝ = 𝑙𝑛 (𝑋𝑠) −
[𝑙𝑛𝑚𝑥−

1

2
𝑙𝑛( 𝐶𝑉2 +1)]

√𝑙𝑛(𝐶𝑉2+1)
                                                            (4) 

Where mx is the expected mean concentration of the constituent and Xs is the parameter 

set by legislation. 

From the calculated value of Z1-∝, the NORMSDIST function in Microsoft Excel was used 

to obtain the value corresponding to the cumulative probability of the standardized normal 

distribution (Z distribution) and then determine the expected percentage of compliance with the 

established legislation standards for effluent discharge and reuse. The ability of treatment plants 

to produce wastewater with a mean concentration below discharge standards is proportional to 

the percentage of service achieved. 

3. RESULTS AND DISCUSSION 

3.1. Descriptive statistics  

The 10, 25, 50, 75, and 90% percentiles and the minimum and maximum values obtained 

for the parameters analyzed in industrial WWTPs 1, 2, and 3 are represented in the box-plot in 

Figure 1. At the same time, the results for the sanitary WWTP 4, are shown in Figure 2. 

 
Figure 1. Concentration of analyzed parameters for the industrial WWTP 1 (A), WWTP 2 (B) and 

WWTP 3 (C). 

(1) dimensionless parameter; (2) parameter unit is oC.  
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Figure 2. Concentration of analyzed parameters for the sanitary WWTP 4.  

(1) parameter unit is MPN 100mL-1; (2) dimensionless parameter; (3) Parameter unit is oC.  

In WWTP 1, free cyanide, total cyanide, dissolved copper, nitrate, and nitrite were not 

monitored. In turn, in WWTP 2, total chrome and total aluminum were not monitored. During 

the analyzed period, cadmium, lead, hexavalent chromium, and total chromium were not 

detected in the wastewater of WWTPs 1, 2, and 3. All parameters observed in this study for 

sanitary effluent were detected in WWTP 4 during the analyzed period.  

3.2. Reliability analysis  

The results of mean, standard deviation, CV, COR, expected mean, and percentage of 

compliance with legislation for the parameters required for metallurgical wastewater are shown 

in Tables 2 and 3, respectively. The industrial WWTPs 1, 2, and 3 did not show the presence of 

cadmium, lead, hexavalent chromium, and chromium in the period analyzed. Therefore, these 

elements reached 100% of the legislation standards.  

Although soils have a certain capacity to retain metals, the low concentration of heavy 

metals in wastewater is beneficial, since their accumulation can alter their bioavailability in the 

medium. How metals are found in the environment will determine their mobility, whether soil 

accumulation or leaching to groundwater. Heavy metals pose a relatively low toxicity risk while 

adsorbed to sediments. However, when exposed to living organisms, they represent a toxicity 

risk for humans, plants, and animals, being accumulated through the food chain (Azouzi et al., 

2019; Miranda et al., 2021). 

In soils with high retention capacity (usually clayey soils with high concentrations of 

organic matter), the main risk is heavy metal accumulation in the soil. In soils with low retention 

potential (usually sandy soils, such as those used in this study), the risk lies in leaching 

contaminants into groundwater. Sandy soils tend to show this trend due to their granular 

structure, which has more macropores, favoring water flow (Basso and Kiang, 2017). 

It is thus understood that, in addition to knowing the behavior of treatment plants and 

TWW quality, it is important to have a full soil characterization. This factor becomes even more 

relevant in places where the regulation of wastewater use requires a specific quality and a 

maximum percentage of soil saturation by contaminants, which is the case of COEMA 

Resolution 02/2017. 
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It is possible to notice variations between the CV and COR values for each parameter, 

which occur due to the different treatment technologies and the different wastewater origins. 

The lowest CV was obtained for temperature and pH in the three WWTPs evaluated, with the 

highest COR being obtained, ranging from 0.84 to 0.95. 

Overall, among the elements evaluated in Table 2, WWTP 1 presented the highest CV 

results, with COR in the range of 0.33-0.38 for all parameters. Among the elements presented 

in Table 3, WWTP 2 had the highest CV. The high CV for metals is justified by the low 

concentration means of the components, smaller than the standard deviation. Such behavior 

does not reveal a bad treatment performance, just unstable operational levels, as previously 

observed (Alves et al., 2021). Since, for the same reliability level, higher CVs indicate lower 

COR, WWTPs in this situation will need to operate with lower design concentrations (Oliveira 

and Von Sperling, 2008). Because the effluent concentration values are below the legislation 

limits, even higher reliability levels could be applied if necessary (Alderson et al., 2015). 

Table 2. Reliability analysis for dissolved copper, free cyanide, total cyanide, soluble iron, and 

nickel for the industrial WWTP 1, 2, and 3. 

WWTP Statistics 
Dissolved copper Free cyanide Total cyanide Soluble iron Nickel 

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 

1 

μ x - - - 0.0286 0.0044 

σx - - - 0.0342 0.0039 

CV - - - 1.20 0.89 

COR - - - 0.33 0.38 

mx - - - 4.96 0.76 

P% - - - 100 100 

2 

μ x 0.00 0.082 0.0659 0.1187 0.00 

σx 0.00 0.0060 0.0667 0.0805 0.00 

CV 0.00 0.73 1.01 0.68 0.00 

COR 0.00 0.42 0.36 0.44 0.00 

mx 0.00 0.08 0.36 6.59 0.00 

P% 100 100 100 100 100 

3 

μ x 0.0017 0.0143 0.1210 0.1816 0.0037 

σx 0.0023 0.0123 0.0964 0.0897 0.0045 

CV 1.35 0.86 0.80 0.49 1.22 

COR 0.31 0.39 0.40 0.52 0.33 

mx 0.31 0.08 0.40 7.76 0.66 

P% 100 100 100 100 100 

Legislation limits 1 0.2 1 15 2 

Where μx is the distribution mean, σx is the standard deviation, CV is the coefficient of variation, 

COR is the coefficient of reliability, mx is the expected mean concentration of the constituent, 

and P% is the expected percentage of compliance to COEMA Resolution 02/2017. 
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Table 3. Reliability analysis for temperature, pH, TSS, aluminum, nitrate, nitrite and zinc 

for industrial WWTPs 1, 2 and 3. 

WWTP Statistics 
Temperature pH TSS Aluminum Nitrate Nitrite Zinc 

oC - mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 

1 

μ x 32.5 6.99 13 3.20 - - 0.03 

σx 1.3 0.75 13 3.04 - - 0.03 

CV 0.04 0.11 1.1 0.95 - - 1.05 

COR 0.9 0.84 0.4 0.37 - - 0.35 

mx 37.5 - 35 3.69 - - 1.76 

P% 100 - 99.8 96.58 - - 100 

2 

μ x 28.8 7.56 4 - 1.68 0.39 0.004 

σx 0.8 0.52 5 - 1.73 0.48 0.005 

CV 0.03 0.07 1 - 1.03 1.22 1.34 

COR 0.95 0.89 0.3 - 0.36 0.33 0.31 

mx 38.1 - 32.5 - 3.55 0.33 1.57 

P% 100 - 99.99 - 99.42 92.84 100 

3 

μx 30.4 7.65 5 0.49 2.26 0.45 0.008 

σx 0.9 0.43 5 0.19 1.93 0.50 0.006 

CV 0.03 0.06 1.0 0.39 0.85 1.11 0.71 

COR 0.95 0.91 0.4 0.58 0.39 0.34 0.43 

mx 38.2 - 70 5.78 3.90 0.47 2.14 

P% 100 - 99.99 100 99.14 90.88 100 

Legislation limits 40 5 - 9 100 10 10(1) 1(1) 5 

(1) Parameter not evaluated for metallurgical wastewater according to COEMA Resolution 

02/17. 

Where TSS is the total suspended solids. 

The design concentrations (mx) obtained, values that guarantee that 95% of the data meet 

the legislation standards, in general, are above the actual concentrations of the parameters in 

the wastewater. The only exception is nitrite for WWTP 2, demonstrating a very good 

performance of the applied treatments. Such a result indicates that the parameters could meet 

more restrictive discharge standards than those currently considered (Oliveira and Von 

Sperling, 2008). 

High expected percentages of compliance with the standards established by COEMA 

Resolution 02/2017 were obtained, with all the elements required for metallurgical industries 

with expected percentages of compliance of 100%. Despite the greater range of variation of 

soluble iron compared to other parameters, it is expected that all results are within the limit of 

15 mg L-1 established by legislation. As for the other elements evaluated in this work, only TSS, 

aluminum (in WWTP 1), nitrite, and nitrate did not reach 100%. Despite not having reached 

100%, the percentages obtained for TSS were above 99%, values much higher than those 
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obtained in the WWTPs evaluated by Oliveira and Von Sperling (2008), Orumieh et al. (2014), 

and Alderson et al. (2015).  

The wastewater composition is very broad. In this sense, for soils with low retention 

capacity, the elements' preference to be retained will depend on soil affinity and elements that 

are in greater availability (Carvalho et al., 2021). Thus, it is understood that, with the release of 

TWW with a low concentration of metals (as is the case with those previously evaluated), other 

elements present in higher concentration have a preference in the retention process in the soil, 

indicating possible leaching of these contaminants into groundwater.  

Aluminum obtained an expected percentage of compliance of 96.6%, with the limit of 10 

mg L-1 established by legislation. Although the element is not directly required for reuse 

application in the metallurgical industry, knowledge of it is important since aluminum can 

acidify the medium, releasing H+ ions during hydrolysis (Shetty et al., 2021). The pH variation 

changes the soil cation exchange capacity, and the metals form in the environment. These 

elements are usually solubilized at low pH, which increases their mobility, providing conditions 

that facilitate their leaching (Oliveira et al., 2010). Thus, for clayey soils with a predominance 

of negative charges, or soils with high organic matter concentrations, it is recommended to 

apply high levels of reliability to WWTPs to avoid medium saturation by this element. 

For nitrite and nitrate, the percentage of compliance with legislation is not applicable for 

non-sanitary effluents since they are not parameters required by COEMA Resolution 02/2017 

for the assessed wastewater. However, since these elements have little interaction with soil 

particles (Bolzani et al., 2012), with high mobility (Anami et al., 2008), knowledge of their 

behavior is relevant for determining soil and groundwater contamination risks. Thus, for these 

elements, when their use involves release in sandy soils, for which there is a greater tendency 

to runoff, it is necessary to use higher reliability levels to avoid groundwater contamination. 

For WWTP 4, the results of mean, standard deviation, CV, COR, expected mean, and 

percentage of compliance with legislation for the parameters required for sanitary effluents and 

other analyzed parameters are presented in Table 4. It is possible to notice that the parameters 

with the highest CV values had the lowest COR. As in the previous results, the elements with 

the lowest CV were pH and temperature, with a COR of 0.91 and 0.94, respectively. 

Table 4. Reliability analysis for aluminum, ammonia, thermotolerant coliforms, BOD, pH, TSS, 

and temperature for sanitary WWTP 4. 

Statistics 
Aluminum Ammonia 

Thermotolerant 

coliforms 
BOD pH TSS Temperature 

mg L-1 mg L-1 MPN 100 mL-1 mg L-1 - mg L-1 oC 

μ x 0.15 5.65 0.37 24 7.2 18 29.9 

σx 0.06 4.68 1.99 12 0.4 12 1.1 

CV 0.42 0.83 5.40 0.5 0.1 0.7 0.04 

COR 0.56 0.39 0.26 0.5 0.9 0.4 0.94 

mx 5.62 - 1320 61 - 45.0 37.7 

P% 100 - 99.83 99.9 - 99.9 100 

Legislation 

limits 
10 - 5000 120 5 – 9 100 40 

The mean design concentrations were above the real means for all elements, indicating that 

the parameters would still meet more demanding limits, and higher reliability levels could be 

adopted. 

All expected percentages of compliance with current legislation were above 99%, except 

ammonia, which is not required by COEMA Resolution 02/2017, indicating good WWTP 

performance. 
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The ammonia mean found in this study is lower than that obtained by Ponce et al. (2019) 

with the same technological route (μx = 14.08 mg L-1), obtaining CV of 0.14 and COR of 0.77. 

The large difference between the means obtained in the treatment (μx = 0.37 MPN 100 mL-1) 

and the design mean (mx = 1320 MPN 100 mL-1) for thermotolerant coliforms indicates that the 

WWTP can meet more restrictive standards. This parameter had the highest CV (which is due 

to the microbiological indicator count varying according to many orders of magnitude) and the 

lowest COR value, as observed elsewhere (Alves et al., 2021). 

For the same treatment technology, Oliveira and Von Sperling (2008) worked with BOD, 

whose μx was 34 mg L-1 (higher value than that of this work), obtaining, at a reliability level of 

80%, COR of 0.40, and a mean percentage of standard compliance (Xs = 60 mg L-1) greater 

than 80%. For TSS, the authors obtained μx of 35 mg L-1 and mx of 23 mg L-1, with a percentage 

of standard compliance close to 80%. For the authors, the technological route was also the most 

efficient compared to other technologies. 

Analyzing the treatment with facultative ponds, and with anaerobic ponds followed by 

facultative ponds and maturation ponds, Alderson et al. (2015) obtained, at a reliability level of 

80%, mean percentages of compliance with water reuse standards in agriculture and aquaculture 

of 29 and 79% for BOD, respectively, and 12 and 54% for TSS. 

In this context, the WWTP proved to be reliable, producing TWW with adequate quality 

for water reuse.  

The reliability analysis tool can be applied with specific targeting according to the soil type 

and to the wastewater composition so that studies can define the contaminants of interest.  

Sandy soils tend to have a lower retention capacity of pollutants than clayey soils. For the 

former, higher reliability levels should be adopted to avoid groundwater contamination. 

However, for clayey soils, the higher capacity to retain contaminants allows less restrictive 

reliability levels. Nonetheless, there is a need to monitor soil saturation limits. 

In both cases, it is necessary to adopt soil management techniques since TWW application 

may induce groundwater contamination with a variety of pollutants. Examples of management 

techniques are: O horizon restoration with insertion of organic matter and maintenance of 

vegetation cover; waterproofing the launch area with geosynthetics; uses of localized irrigation 

systems to dispose of wastewater, as they reduce the risk of runoff and control water loss 

through deep percolation, reducing the mobility of contaminants (Carvalho et al., 2021). 

4. CONCLUSION 

In general, it was observed that the higher the coefficient of variation (CV), the lower the 

coefficient of reliability (COR).  

The percentages of compliance with legislation varied from 90 to 100% for all the 

parameters. Thus, there was an excellent performance of industrial and sanitary WWTPs, which 

could allow the adoption of higher levels of reliability. 

Most of the mean design concentrations (mx) were below the limits allowed in COEMA 

Resolution 02/2017, even for high CV values found for some parameters, indicating that the 

adopted treatment technologies can produce TWW with adequate quality for non-potable reuse. 

Thus, for sandy soils, for which there is a tendency to low contaminant retention capacity, 

it may be interesting to adopt higher reliability levels to avoid groundwater contamination. For 

clayey soils, the reliability levels can be less restrictive since there is a higher retention capacity 

for pollutants. However, the observance of possible soil saturation limits must be done. 

Therefore, the reliability studies proved to be a very interesting approach for projects 

related to non-potable uses of treated wastewater in steel industries, being able to be an even 

better tool if associated with a modeling of the contaminants’ dispersion in the soil. 
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ABSTRACT  
There are gaps in our knowledge of important fish consumed by people in tropical 

countries. Small-scale fisheries are difficult to regulate, especially in countries with no species 

monitoring. At Copacabana (Rio de Janeiro), we observed 490 individuals of badejo (Comb 

grouper) (Mycteropeca acutirostris in 2013-2014 and in 2018-2020. The average catch was 

1.36 kg (n=466 individuals). A pattern of decreasing catches was observed for Comb grouper.  
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Therefore, provided that the fishing gear and the number of fish have remained the same, the 

apparent decrease in Comb grouper needs to be further investigated. The results provide 

information about the major spawning season, around spring (September-December) with 

additional spawning during April. Genetic analyses in samples from 96 grouper obtained along 

the coast of Brazil were conducted. The Single Nucleotide Polymorphism (SNP) loci obtained 

for grouper species enabled us to determine the relative genetic proximity of M. acutirostris 

and Mycteroperca bonaci, information that can be useful for aquaculture and conservation. The 

objectives of this study were: a) to obtain data about the fishing activity (catch landings) of 

Comb groupers at Copacabana, Posto 6; b) to verify the reproductive period of Comb grouper, 

throughout the year, through the catches from the fishery; c) to develop a large numbers of SNP 

markers, which can be useful to studies about grouper populations (Mycteroperca and 

Epinephelus); and, d) to obtain data on the price of the Comb grouper. This study contributes 

data on the fishery and on the biology and ecology of groupers, and further contributes to 

conservation efforts. 

Keywords: comb grouper, fisheries, genetics, Mycteroperca. 

Preenchendo lacunas no conhecimento das garoupas, especialmente de 

Mycteroperca acutirostris (2013-2020) (Copacabana fishery, Rio de 

Janeiro, Brazil) 

RESUMO 
Existem lacunas em nosso conhecimento sobre a biologia de peixes importantes no 

consumo em países tropicais. A pesca em pequena escala é difícil de estudar e regulamentar, 

especialmente em países sem monitoramento sistemático de espécies. Em Copacabana (Rio de 

Janeiro) observamos 490 indivíduos de badejo (Mycteropeca acutirostris), nas pescarias, em 

2013-2014 e 2018-2020. O kg médio dos badejos pescados foi de 1,36kg (n=466 indivíduos). 

Observou-se um padrão decrescente de capturas para o badejo. Portanto, considerando que a 

tecnologia pesqueira e o número de pescadores permaneceram os mesmos, a aparente 

diminuição do badejo necessita ser investigada mais detalhadamente. Os resultados desse 

estudo fornecem informações sobre a reprodução do badejo, com maior época de desova na 

primavera (setembro-dezembro) e desova adicional durante o mês de abril, no sudeste do Brasil. 

Análises genéticas sobre amostras de 96 badejos obtidos ao longo da costa do Brasil foram 

conduzidas. A informação genética obtida para as espécies permitiu-nos determinar a 

proximidade genética relativa de M. acutirostris e Mycteroperca bonaci e obter informações 

úteis para a aquicultura e conservação. Os objetivos deste estudo são: a) obter dados sobre a 

atividade pesqueira (desembarque de capturas) de badejo (Comb grouper, Mycteroperca 

acutirostris) em Copacabana, Posto 6; b) verificar o período reprodutivo dos badejos capturados 

nas pescarias, ao longo do ano; c) desenvolver um grande número de marcadores SNPs, que 

podem ser úteis para estudos de populações de garoupa (Mycteroperca e Epinephelus); d) obter 

dados sobre o preço do badejo. Existem muitas lacunas no conhecimento sobre M. acutirostris; 

este estudo pretende adicionar dados sobre biologia e ecologia do badejo e ajudar a subsidiar 

objetivos de conservação. 

Palavras-chave: badejo, comunidades pesqueiras, genética, Mycteroperca. 

1. INTRODUCTION 

Small-scale fisheries (SSFs) are ubiquitous along maritime coasts. Despite a significant 

lack of systematic data, such fisheries are a valuable food source for local populations and are 
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an important source of income (Begossi et al., 2017; Béné, 2006). Small-scale fisheries account 

for approximately 50% of all fish captured for consumption worldwide; however, the lack of 

long-term monitoring in data-poor countries contributes to failures in fishery management 

(Kalidin et al., 2020). 

Estimation of grouper populations and their distributions in coastal aquatic ecosystems is 

complex, as exemplified in a study on Dusky grouper (Lopes et al., 2019). Of course, even 

small-scale fisheries can impact aquatic fauna when considering late-maturing species and the 
reality that environmental problems are often not considered to be of primary importance by local 

authorities, as is the case in Brazil (Fearnside, 2019). On the other hand, it is known that SSFs can 

generally be sustainable even in developing countries (see examples of Caribbean and Latin 

American SSFs, such as those given by Salas et al. (2018)).  

In this group are the “badejo”, as they are called in Brazil. Their dorsal fins have 11 spines 

and 15-18 rays. They are coastal fish with high commercial value, and are considered to be 

“noble fish”. Grouper are part of the Epinephelinae subfamily. Nevertheless, there is debate 

based on genetic data regarding whether the subfamily Epinephelinae should be treated as a 

family (Epinephelidae) rather than as a subfamily (Craig et al., 2011). 

Mycteroperca acutirostris has a dark brown color and a head with long striations, and it is 

characterized by 11 dorsal spines and 15-17 rays and 50-56 rakers in the first branchial arch, 

along with a rounded caudal fin. It is associated with rocky bottoms (adults), and juveniles are 

found in shallow waters and mangrove areas; its major threat is fishing pressure (Craig et al., 

2011; Figueiredo and Menezes, 1980). Our studies have shown that this species spawns in the 

spring in Brazil (Andreoli et al., 2016; Silvano et al., 2006). 

Other species are addressed here, specifically in the genetic study, including Mycteroperca 

bonaci, called the Black grouper, which has a dark brown color and regular, hexagonal spots; 

it has, among other traits, truncated caudal fins and 11-16 gill rakers in the first branchial arch. 

It is a reef species, but juveniles can be found in estuarine environments (Craig et al., 2011; 

Figueiredo and Menezes, 1980). Another species included in the genetic study is Mycteroperca 

interstitialis, called the Yellowmouth grouper, which has small brown spots, 11 dorsal fins, 16-
18 rays, a first branchial arch with 15-19 gill rakers, and an emarginate caudal fin. It is also a reef 

species. We considered other species for the genetic study, especially because they are found in the 

coast of Brazil: M. acutirostris is common in the SE, whereas M. bonaci is common in NE Brazil. 

M. interstitialis is found in both regions, among others. 

These species are monandric hermaphrodites, and M. bonaci forms spawning aggregations. 

Fishing pressure is one of the main threats to these species; adults occupy reef habitats, and 
juveniles are found in estuarine and mangrove environments. Adults feed on fish (Craig et al., 

2011). 

When searching in FishBase (Froese and Pauly, 2020) and the IUCN Red List (data from 

2016 for these fish) for Mycteroperca acutirostris (Comb grouper), we found that the 

knowledge about this species had several gaps. There are gaps for M. acutirostris, which 

include important information, such as diet and reproduction. The available information is 
general (and is based on few studies) such as the following: It has high vulnerability and is 

expensive; there is no information regarding eggs, spawning processes, or periods; and food items 

are mentioned as “unidentified invertebrates” (Froese and Pauly, 2020). Nevertheless, it is 

considered to be a species of LC (least concern), and its population is estimated as stable (IUCN, 

2020b). For Mycteroperca bonaci, for example, we found slightly more biological information 

(Froese and Pauly, 2020): spawning in Brazil (one study including other fish species) in the period 

of June-December occurs for M. bonaci (Trindade-Santos and de Meirelles Felizola, 2015), and its 

diet was unidentified. M. bonaci is considered to be NT (near threatened, population decreasing) 

(IUCN, 2020a). For Mycteroperca interstitialis (Yellowmouth grouper), we found some 

information regarding reproduction (a study in the United States) showing that its reproduction 

occurs in all months of the year and its diet consists of “nekton” (a study in Puerto Rico) (Froese 
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and Pauly, 2020). It is considered to be VU (vulnerable), and its population is decreasing (IUCN, 

2020a). For Mycteroperca interstitialis (Yellowmouth grouper), we found some information 

regarding reproduction (a study in the United States) showing that its reproduction occurs in all 

months of the year and its diet consists of “nekton” (a study in Puerto Rico) (Froese and Pauly, 

2020). It is considered to be VU (vulnerable), and its population is decreasing (IUCN, 2020a). 

Epinephelus marginatus is found in the Atlantic and in the western Indian Ocean. It has a 

decreasing population trend and is considered by the IUCN to be “EN” (endangered); 

Mycteroperca acutirostris is found in the western Atlantic and is considered to be heavily 

fished, but it is viewed by the IUCN to be of “LC” (least concern) (Craig et al., 2011; Froese 

and Pauly, 2020). 

Given the lack of data on Comb grouper (M. acutirostris), our objectives in this study were: 

a) to obtain data about the fishing activity of the Comb Grouper (M. acutirostris)(spots used, 

landings); b) to obtain data on its reproductive period (s) throughout the year; c)  to develop a 

large numbers of SNPs markers, which can be useful to studies of grouper populations 

(Mycteroperca and Epinephelus); and, d) to obtain  data on the price of the Comb grouper (price 

fluctuation  can probably be used indirectly evaluate resource availability). It is important to 

mention here that even though we included some genetic data for other species of Mycteroperca 

in this study, which allows us to make comparisons, our main focus is the study of M. 

acutirostris in the Copacabana fishery of Posto 6, since we have been following its catches for 

two periods since 2013.  

For the genetic study, our objective was to use genotyping by sequencing to rapidly 

develop a large number of SNPs markers. These markers can be useful in future studies to 

improve genetic inferences within each species of Mycteroperca and Epinephelus here related 

to (among others) migration and population structure in a cost-effective manner (Bernos et al. 

2020). We also examine whether divergence among these grouper genera and species are 

consistent with the early division proposed by Ma and Craig (2018). 

2. MATERIAL AND METHODS 

2.1. The fishery at Posto 6, Copacabana 

The main fishing locations of the studied individuals of Dusky grouper and Comb grouper 

caught in 2013-2014 and 2018-2020 were the area in 2-7 km south from Copacabana Beach, 

where a lot of archipelagos and islands are located: Cagarras Islands, Tijucas Islands, Redonda 

Islands, Rasa Island and others (Figure 1). 

 
Figure 1. Fishing Locations Used for Dusky grouper and 

Comb grouper (2013-2018). 
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The “Colônia de Pescadores do Posto 6” includes a small-scale fishing community on 

Copacabana Beach that was established in 1923. Fishing is conducted from small motorboats 

by using set gillnets, hooks and lines and by spearfishing (Begossi et al., 2013; 2019). Recently, 

spearfishing by diving has become important, especially among young fishers. Fishing effort 

has been similar over the last 11 years: there are approximately 20-25 active fishers, including 

approximately 10 divers who spearfish close to islands. 

Fieldwork at Copacabana was undertaken from September 2013 to February 2020 at the 

landing point or fish market of Posto 6, Copacabana. One of the authors (AB) visited 

approximately 5 days/month and compiled information on weight, price, and location, among 

other data. Two fishers were trained to follow a protocol that is explained in detail in Begossi 

(2008) and was used in Begossi et al. (2012; 2016; 2019). These methods included local 

knowledge, tracking fishery landings (systematic visits 3-5 days/month), including fishing 

locations, weight and length measurements (TL), and reproduction (gonad macroscopic 

analysis), which were the same as in the earlier studies [detailed in (Begossi and Silvano, 2008; 

Begossi et al., 2019)]. Macroscopic gonad analysis included the observation (naked eye) of the 

presence or absence of mature gonads. Garoupa, or Dusky grouper (E. marginatus), was 

observed in 2013-2018, and Comb grouper (M. acutirostris) was observed in two periods, 

namely, 2013-2014 and 2018-2020. 

This study follows a series of studies on small-scale fishing for grouper, especially 

Epinephelus marginatus (Dusky grouper) and Mycteroperca acutirostris (Comb grouper), that 

began in 2006 for both the Dusky grouper (Begossi and Silvano, 2008) and Comb grouper 

(Andreoli et al., 2016) at the Colônia de Pescadores do Posto 6 in Copacabana, Rio de Janeiro, 

Brazil. 

Here, we chronologically describe the research results for garoupa, Dusky grouper. The 

most recent study (Begossi and Salivonchyk, 2019) showed relative catches and price stability. 

The studies that were begun by Begossi and Silvano (2008) included results about the local 

knowledge of fishers regarding diet and habitat, fishing locations, weight and length (TL), and 

stomach contents, among other features (sample of 40 individuals from 2006-2007). This study 

was followed by that of Begossi et al. (2016), which included fishing locations (Figure 1), 

weight and length (TL), macroscopic analysis of gonads by trained fishers (800 individuals 

from 2013 to 2015); Begossi et al. (2019): locations, weight and length (TL), macroscopic 

analysis of gonads by trained fishers (sample of 222 individuals, from 2016-2017), and prices 

from October, 2016 to November, 2017; and the study by Begossi and Salivonchyk (2019): 

1,896 grouper observed from 2013-2018, showing catches and prices as relatively stable in 

Copacabana (the https://www.biorxiv.org/content/10.1101/759357v1). Genetic analyses were 

performed earlier for Dusky grouper (Priolli et al., 2014; 2016).  

Given the substantial gaps in knowledge about an important food species and for the 

market, we believe that these original and previously unpublished data regarding M. acutirostris 

are important for conserving this species. 

2.2. Genetics of grouper 

2.2.1. Sampling of fins for genetic analyses 

A total of 96 samples were obtained along the coast of Brazil (see details in (Begossi et 

al., 2019)) from specimens belonging to two genera (Epinephelus and Mycteroperca) and five 

grouper species: E. marginatus (N = 28), E. morio (N = 19), M. acutirostris (N = 16), M. bonaci 

(N = 27), and M. interstitialis (N = 6). All individuals were caught by commercial fishers and 

identified based on their morphological characteristics as described in Begossi et al. (2019). 

2.2.2. Molecular techniques 

Total genomic DNA was extracted from approximately 20 mg of tissue using a DNeasy 

https://www.biorxiv.org/content/10.1101/759357v1
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Blood and Tissue Kit (Qiagen, Hilden, GE). DNA concentrations were estimated using a Qubit 

v4.0 fluorometer (Thermo Fisher Scientific, Waltham, USA). Thermo Fisher Scientific) and 

were normalized to 20 ng/μL. Genomic libraries were constructed according to the Genotype-

by-Sequencing double digestion protocol described by Poland et al. (2012), using the restriction 

enzymes NsiI (NEB, Ipswich, USA) and MseI (NEB). The resulting libraries were pooled at 

96-plex and sequenced on the Illumina NextSeq 500 platform (Illumina, Inc, USA) at the 

Hemocentro of Ribeirão Preto facilities (Brazil), in mid-output mode and set to produce 150 bp 

single-end reads. The quality of the obtained raw reads was assessed using FastQC software 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) at the Hemocentro of Ribeirão 

Preto facilities (Brazil). 

For each genus, samples were demultiplexed, and the raw read sequences were filtered with the 

module “process_radtags” in the Stacks program (Version 1.42) (Catchen et al., 2013). SNP 

calling retained only SNP per sequenced tag, with a minimum sequencing depth of 5X, minor 

allele frequency ≥ 0.05 and occurring in at least 90% of individuals within each species. The 

SNP identification was performed considering each genus separately, and also for the five 

species simultaneously. Population genomic analyses were performed by applying additional 

filtering parameters to obtain the maximum-quality SNPs: 1) individual samples with >55% 

missing data were excluded, and 2) SNPs with missing data in 25% of the samples or a minor 

allele frequency (MAF) <0.05 were removed. 

2.2.3. Genetic analyses 

The filtered data were imported as a genind object into R and were analyzed mainly by 

using several packages for population genetics. An outlier locus approach was taken using the 

R packages PCAdapt Version 3.0.4 (Luu et al., 2017) and fsthet (Flanagan and Jones, 2017) 

and the software package SelEstim (Vitalis et al., 2014), and only the loci that were identified 

as outliers by at least two of the three methods were considered as candidates for selection. The 

number of groups considered in fsthet and SelEstim analyses were three for Mycteroperca two 

for Epinephelus (corresponding to the number of species within each genus). The outputs from 

these analyses were used to create a neutral loci dataset and an adaptive loci dataset for further 

analysis. Neighbor-joining trees were generated for both the neutral and outlier datasets using 

Nei’s genetic distance method. Analyses of population structure were performed using 

discriminant analysis of principal components (DAPC) with the ‘Adegenet’ package (Jombart, 

2008). 

3. RESULTS AND DISCUSSION 

We observed a total of 490 individuals, among which weights were obtained for 466 

individuals and showed a total catch of 630.39 kg. The average catch was 1.36 kg. While 410,55 

kg was obtained in 2014, we observed a relative decrease in Comb grouper catches, with 2019 

being the year in which the species became rare in Copacabana fishing catches, and this trend 

continued in 2020. The number of individuals and the weights of Comb grouper found and 

studied at the landing point and fish market at Posto 6, Copacabana significantly varied by year 

and month (Tables 1 and 2). 

Mature gonads for Comb grouper were observed in April, September and October: these 

spring months coincide with mature gonads being observed in Dusky grouper (Begossi and 

Lopes, 2020; Begossi and Salivonchyk, 2019; Begossi et al., 2019) (Figure 2). The months 

mentioned by fishers from Copacabana (13 fishers) as the months in which Comb grouper was 

“ovado” (with mature gonads) were September (5 fishers) and November-December (8 fishers). 
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Table 1. Comb grouper (badejo) observed at 

Copacabana fishery from 2013 to 2021. The data in 

parentheses indicate the number of individuals for 

which the weight was determined, when it was not 

possible to weigh the fish caught. Total number of 

individuals is 490 and weight (kg) was obtained for 

464 individuals (*COVID period) (Table 2). In the 

COVID period of the study (May, 2020 to March 

2021), occasional visits were made, and two trained 

fishers contributed through whatsapp, when possible. 

In this period of 27 days of observations (19 visits and 

8 whatsapps), 19 M. acutirostris were observed. 

Month 2013 2014 2018 2019 2020 

Jan  14   23 (3) 

Feb  32 1  10 (5) 

Mar  12   2 

Apr  26 3 (2)  * 

May  116   * 

Jun  28   * 

Jul  46 13  * 

Aug  20 29  * 

Sep 6  17  * 

Oct 34  21  * 

Nov 18   2 * 

Dec 3 1  17 * 

Total 61 291 84 (83) 19 35 (10) 

Table 2. Weight (kg) of the badejo (Comb grouper) caught 

at Copacabana fishery (2013-2020). Total weight is 630.39 

(n=464 individuals) and average catch is 1.36kg. For the 

COVID period (March 2020-March 2021), 27 days, the 

weight amounted to 42.4 kg (n=19), average 2.23kg per 

individual. 

Mon 2013 2014 2017 2018 2019 2020 

Jan  13.01    6.90 

Feb  58.75 8.78 1.30  4.20 

Mar  10.51    2.50 

Apr  40.25  1,05   

May  178.05     

Jun  23.16     

Jul  67.60  24.77   

Aug  17.20  55.89   

Sep 5.17   34.70   

Oct 35.98   22.68   

Nov 13.39    3  

Dec 11.30 2.00   33.41  

Total 65.84 410.55 8.78 140.40 36.41 13.60 
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Figure 2. For the period 2013-2020, 392 individual Comb grouper 

were examined for gonads. 

Mature gonads were observed in only 9 cases: 5 in September and 2 in April and October. 

Prices were examined for April and July October of 2018. The average price of Comb 

grouper was 40.8 Reais/kg. The prices ranged from 26.5 (26/07/2018) to 55.5 Reais/kg 

(10/10/2018). The average daily prices varied from 36 (11/04/2018) to 45.4 Reais/kg 

(10/10/2018) (the exchange rate on July 6, 2018, was 3.93 Reais; Figure 2). The average 

monthly prices were slightly higher in July and August than in other months. They fluctuated 

most strongly in July and October (Figure 3a and b). The average exchange rate for 2018 was 

US$1.00=R$3.65)(https://www.exchangerates.org.uk/USD-BRL-spot-exchange-rates-history-

2018.html). Even though prices can be an indirect way to evaluate resource availability, in the 

observed months of 2018 we did not observe significant fluctuations that showed differences 

in the availability of the resource. Fish prices reflect fish unpredictability and its supply tends 

to be inelastic (Sathiadhas and Kumar, 1994). Actually, in 5 months of 2018, prices did have 

apparent fluctuations, but a long time series is needed to better evaluate the relationship between 

prices and supply of the Comb grouper in Copacabana, Rio. Price fluctuations were not noticed 

for Dusky grouper, in the same fishery (Begossi and Salivonchyk, 2019). 

 
Figure 3a. Daily Average Price (in Brazilian Reais) per 1 kg of Comb Grouper in 

Copacabana (2018, US$1.00=R$3.65). 

https://www.exchangerates.org.uk/USD-BRL-spot-exchange-rates-history-2018.html
https://www.exchangerates.org.uk/USD-BRL-spot-exchange-rates-history-2018.html
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Figure 3b. Monthly Average Prices (in Brazilian Reais) per 1 kg of 

Comb grouper, in Copacabana (2018, US$1.00=R$3.65). 

When comparing the yield (weight) of both species over the years, we observed higher 

catches for Dusky grouper, compared to Comb grouper, along with a decrease in Comb grouper 

in 2018 and 2019 (Figure 4). 

 
Figure 4. Annual Catches by Weight of Dusky grouper (A) and Comb grouper (B). 

The results from samples taken from September 2013 to February 2018 for and 

from September 2013-December 2014 and January 2018- December 2019 for 

Comb grouper at the Copacabana fishing post. 
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3.1. Genetic identification of groupers in the coast of Brazil 

Sequencing of GBS libraries produced 150,458,819 raw reads for the 96 grouper, and 

139,429,799 reads were retained following “process_radtags” filtering. After applying the 

Stacks pipeline to each genus and additional filtering, 1,313 SNP loci were identified in 43 

individuals of Mycteroperca (M. acutirostris = 16, M. bonaci = 23 and M. interstitialis =4). For 

Epinephelus, 3,528 SNP loci were identified in 45 individuals (E. marginatus = 27 and E. morio 

=18) (Figures A1 and A2, Appendix). 

Outlier analyses identified 38 total consensus outlier loci in the three Mycteroperca 

species. Population structure analyses were conducted using the remaining 1,275 SNPs that 

were deemed to be neutrally evolving after outlier analyses. Overall, FST was 0.95 and highly 

significant (p < .001), while the species pairwise values varied from 0.935 to 0.967. 

The high genetic divergence suggested by the pairwise FST estimates was also observed in 

the DAPCs. For Mycteroperca, the analysis based on SNPs with neutral behavior retained two 

principal components, which explained almost 92% of the total variation and clearly showed 

that samples of M.acutirostris, M. bonaci and M. interstitialis were highly distinct from each 

other (Figure 5a). For Epinephelus, the analyses based on SNPs with neutral behaviour retained 

one principal component, which explained more than 89% of the total variation and showed 

that samples of E. marginatus and E. morio were highly distinct (Figure 5b). 

 
Figure 5. DAPC results for the genus Mycteroperca and Epinephelus. In a), samples of M. acutirostris, 

M. bonaci, and M. interstitialis are represented by colored dots, and their dispersal along the first two 

components is shown. In b), samples of E. marginatus and E. morio are represented by colored 

horizontal ticks along the first principal component and their density is represented in the vertical axis. 

The same clustering patterns were observed for the neighbor-joining trees using both the 

neutral (A) and outlier (B) datasets for Mycteroperca (Figure A1) and Epinephelus (Figure A2). 

Outliers loci showed the species more divergent than neutral loci in both trees confirming the 

power of these for assigning individuals. 

The genetic distances between the five grouper species (Figure 6) were determined from a 

set of neutral SNP loci and revealed that M. acutirostris is more closely related to M. 

interstitialis (0.343) than to M. bonaci (0.48). Epinephelus morio was the species that was most 

distant from the others, even for the species from the same genus, E. marginatus (0.73). 

Mitochondrial molecular markers and ribosomal genes showed E. morio in a branch different 

from M. acutirostris, M. bonaci and M. interstitialis; while E. marginatus was reclassified by 

the authors as Mycteroperca marginatus because was in the same monophyletic branch (Ma 

and Craig, 2018). In Figure 6, neighbor-joining tree based on Nei’s genetic distances was 

produced using the set of 817 SNP loci identified with Stacks pipeline considering all the five 

grouper species simultaneously. 
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Figure 6. Neighbor-joining trees based on Nei’s genetic distances. Branch nodes 

are denoted as the percentage of bootstrap support that was generated with 1,000 

replicates. 

4. CONCLUDING REMARKS 

Exploratory research is very important for species that require management, especially 

species that are important for human consumption and for the livelihoods of poor communities 

that depend on small-scale fisheries for consumption and cash. This study provides important 

information for the conservation of this species and provides information on the reproduction 

period and on genetics that may be useful for managing this species. In addition, it provides 

alerts for a species that is becoming scarce and for a species with poor data and that is still 

considered of LC (least concern). 

In this study, we found different catch patterns for each of the grouper species, namely, 

stability of catches and prices for Dusky grouper, but a decreasing pattern in the catches of 

Comb grouper, for the Copacabana small-scale fishery. We added genetics to better understand 

the species and to gain insights into their conservation and biology. With this study, we hope 

to fill some knowledge gaps in Brazil and contribute to management efforts.  

By comparing catches of Dusky grouper and Comb grouper, contrasting patterns are found 

in the catches of the studied groupers: while we found relative stability for the catches of Dusky 

grouper, we found very irregular and decreasing catches in terms of number and weight for 

Comb groupers. Even considering that Comb grouper is of LC (least concern, IUCN Red List), 

there is an information gap concerning its diet and reproduction (Froese and Pauly, 2020). Thus, 

an optimistic prognosis is offered from the studies of Dusky grouper and Copacabana (Begossi 

and Salivonchyk, 2019), but there is a pessimistic prognosis for Comb grouper due to its 

decreasing catches when the fishing effort is maintained at a constant level, as was observed 

for the Copacabana fishery. Even though prices can help reveal the decrease or increase in the 

abundance of noble fish species for the market, such as M. acutirostris, the results did not add 

much for that objective. Lon- term analysis of price fluctuation could add to this kind of 

estimation. Therefore, the results obtained from the landing points of Copacabana show 

decreases in catches: fishers report the fish must be obtained farther, at more distant areas and 

that it has been scarcer in the catches. 

The results about the genetic diversity of the five species of grouper showed that E. morio 

is more distant than the other four species and that neutral and outlier SNPs are powerful to 

identify and to assign individuals. 

How could these data aid in the conservation of species? Such information can help directly 

and indirectly. 

Directly, information regarding the reproduction period is helpful for managing fish 

resources, as fishing closures for Comb grouper in the spring could help maintain stocks. 

Information on diet, in addition to its importance in maintaining available prey, could provide 

insights for possible aquaculture, which exists in SE Brazil for Dusky grouper (Glamuzina, 
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2020; Kerber, 2020). 

Indirectly, grouper genetics data can provide basic information for aquaculture; it 

engenders information that could aid in conservation for assigning individuals in future studies. 

Here, genetic information could also be helpful for taxonomic analysis of the subfamily 

Epinephelus. Grouper systematics has been reevaluated, restricting the genus Epinephelus and 

expanding Mycteroperca when several species of Epinephelus were included in Mycteroperca, 

including E. marginatus (Craig et al., 2011; Ma and Craig, 2018). 

Summing up, the fishing locations found for the catch of Comb groupers by fishers of 

Posto 6 are relatively close to the coast of Copacabana, including rocky shores, such as islands 

of Cagarras, Redonda, among others (Figure 1). Average catch was 1.36 (n=446 individual). 

Mature gonads were found especially in the spring (September, October), but also in April 

(Autumn). Prices did not show conspicuous fluctuations in the observed months of 2018, 

indicating minor fluctuations in a resource that was already scarce in 2018 (the year in which 

prices were collected). GBS libraries revealed 1,313 SNP loci to Mycteroperca and 3,528 SNP 

loci to Epinephelus which can be useful in future studies to improve genetic inferences in each 

species. 
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Appendix: 

 
Figure A1. Neighbor-joining Trees Based on Nei’s Genetic Distances using the Following Sets of 

Loci: (A) a panel of 1,275 putatively neutral SNPs and (B) a panel of 38 putatively adaptive SNPs. 

Branch nodes are denoted as the percentage of bootstrap support that was 

generated with 1,000 replicates. Collection codes correspond to M. acutirostis (red dots), M. bonaci 

(green) and M. interstitialis (blue). 

 
Figure A2. Neighbor-joining Trees Based on Nei’s Genetic Distances Using the Following Sets of 

Loci: (A) a panel of 3,490 putatively neutral SNPs and (B) a panel of 38 putatively adaptive SNPs. 

Branch nodes are denoted as the percentage of bootstrap support that was generated with 1,000 

replicates. Collection codes correspond to E. marginatus (red dots) and E. morio (blue). 
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ABSTRACT  
The Spill, Transport and Fate Model (STFM) is a new computational tool for modeling oil 

spills in Brazilian waters, developed at the Institute of Astronomy, Geophysics and 

Atmospheric Sciences at the University of São Paulo. The STFM was designed to assist in the 

analysis of environmental impact and water quality, for academic purposes and for 

environmental licensing studies. This work presents the formulation of the model, performance 

evaluations and validation of the results. These are necessary phases for the model to be made 

available to the public. 

Keywords: offshore contamination STFM, oil model, oil spill, water quality. 

Spill, Transport and Fate Model (STFM): Desenvolvimento e 

Validação 

RESUMO 
O Spill, Transport and Fate Model é uma nova ferramenta computacional para modelar 

derramamentos de petróleo em águas brasileiras, desenvolvido no Instituto de Astronomia, 

Geofísica e Ciências Atmosféricas da Universidade de São Paulo. O STFM foi projetado para 

auxiliar nas análises de impacto ambiental e na qualidade da água, com finalidade acadêmica e 

para estudos de licenciamento ambiental. Neste trabalho são apresentadas a formulação do 

modelo, as avaliações de desempenho e a validação dos resultados. Essas são fases necessárias 

para que o modelo seja disponibilizado ao público. 

Palavras-chave: contaminação das praias, derramamento de óleo, modelagem de óleo, qualidade da 

água, STFM. 

1. INTRODUCTION 

The Spill, Transport and Fate Model (STFM) is a new trajectory and weathering model for 

handling oil spills. It is under development at the Institute of Astronomy, Geophysics and 

Atmospheric Sciences, University of Sao Paulo (IAG/USP) for application in marine studies 

and environmental impact assessment (Zacharias et al., 2018). In Brazil, the STFM is registered 

at the Instituto Nacional da Propriedade Industrial (INPI − Brazil) under contract 

http://www.ambi-agua.net/seer/index.php/ambi-agua/index
http://dx.doi.org/10.4136/1980-993X
http://dx.doi.org/10.4136/1980-993X
http://www.ambi-agua.net/splash-seer/
http://www.ambi-agua.net/splash-seer/
https://doi.org/10.4136/ambi-agua.2789
https://orcid.org/0000-0002-9355-8964
https://orcid.org/0000-0003-0086-9649


 

 

Rev. Ambient. Água vol. 17 n. 1, e2789 - Taubaté 2022 

 

2 Daniel Constantino Zacharias et al. 

BR512021002447-8. It is a three-dimensional model based on Lagrangian elements (LE) that 

uses atmospheric and coastline data provided by the Weather Research and Forecasting (WRF) 

Model, and also uses current, temperature, salinity, and depth data provided by the Hybrid 

Coordinate Ocean Model (HYCOM). 

The STFM was successfully tested in the mysterious oil spill that occurred off the northeast 

coast of Brazil in 2019. The model was used in association with scenario trees, allowing the 

first estimate of the original volume of spilled oil and computationally confirming that the oil 

trajectory was subsurface (Zacharias et al., 2021a; 2021b).  

There are several oil spill models in the literature which are used to assess accidents at 

various stages of both oil production and transport. These models may range from simple 

parametric calculations to advanced three-dimensional numerical models. They could be 

coupled with meteorological, hydrodynamic, and wave models in order to forecast the transport 

and weathering of the oil in high resolution. However, the oil spill model will only be as 

accurate as the quality of the atmospheric and ocean models in which it is embedded (Keramea 

et al., 2021). 

Currently, almost all the models that constitute the state-of-the-art either have some code 

access restriction or are associated with commercial applications: BLOSOM (Murray et al., 

2020), GNOME (Zelenke et al., 2012), MEDSLIK-II (De Dominicis et al., 2013), MOHID 

(Fernandes et al., 2013; Franz et al., 2021), OILMAP (Spaulding et al., 1994), OILTRANS 

(Berry et al., 2012), TAMOC (Gros et al., 2016), OSCAR (Reed et al., 1995), OSERIT 

(Legrand and Duliere, 2012) and POSEIDON (Pollani et al., 2001). 

The development and testing of these models constitute an important area of research even 

eleven years after the Deepwater Horizon events (French-McCay et al., 2021a; 2021b). Even 

in the case of the Brazilian-2019 “Mysterious Oil Spill”, in which the oil drift was subsurface, 

the models still needed further development to provide more definitive answers (Lessa et al., 

2021; Zacharias et al., 2021a; 2021b).  

In Brazil, some progress has also been made in this area with the development of ECOS 

(Easy Coupling Oil System) model, registered at the Instituto Nacional da Propriedade 

Industrial (INPI − Brazil) under contract: BR 51 2013 00013 (Stringari et al., 2013; 2014; 

Marques et al., 2017; Lopes et al., 2019) and Coupled Model for Oil Spill Prediction (CMOP), 

developed by the National Institute for Space Research (INPE) in São José dos Campos, Brazil 

(Tessarolo and Innocentini, 2016; Tessarolo et al., 2018; 2021; Barreto et al., 2021). Along 

with the STFM (Zacharias et al., 2018; 2021a; 2021b), these are the three most-developed 

models currently in Brazil. 

The development of Brazilian models that can be integrated with operational 

hydrodynamic platforms such as REMO (Oceanographic Modeling and Observation Network, 

https://www.rederemo.org/, last visit on: 08/28/2021) and BSO (Brazilian Sea Observatory, 

https://brazilianseaobservatory.org, last visit on: 08/28/2021) is an important and necessary step 

for the development of a marine disaster prevention system (Franz et al., 2021). 

The behavior of an oil spill in the marine environment is initially governed by ocean and 

atmospheric conditions, which determine the transport and spread of the slick and by the 

physicochemical properties of the oil that determine the weathering (Fay, 1971). 

The most common model sets involve spreading, advection, diffusion, evaporation, 

emulsification and dispersion, and they do not consider processes, such as oil dissolution, 

photo-oxidation, biodegradation and vertical mixing (Figure 1). Currently, uncertainty 

estimates and timely response to oil spills are lacking in the new generation of oil spill models. 

Further improvements should emphasize better parametrizations of oil dissolution, 

biodegradation, entrainment, and prediction of oil particle-size distribution (Keramea et al., 

2021; Mohammadiun et al., 2021). 

https://www.rederemo.org/
https://brazilianseaobservatory.org/
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Figure 1. Graphical abstract of spilled oil weathering processes at sea (modified from Zacharias et al., 

2021b). 

The objective of this work is to present the latest updates of the STFM and its performance 

evaluation, implemented after the simulations of the oil spill that occurred in 2019 near the 

northeastern Brazilian coast. This will enable the STFM to be made available in the future, 

allowing users to have prior access to the STFM performance results compared to the reference 

models. This is a fundamental step for confirmation of the method quality developed by the 

STFM. 

2. MATERIAL AND METHODS 

The STFM was designed to connect the concepts of particle and box-model, which means 

that each simulated Lagrangian Element (LE) is also a small box-model with its own mass 

balance, calculated independently for each LE. This design was particularly useful in simulating 

the 2019 oil spill off the Brazilian coast, to represent hundreds of small slicks that spread along 

the shore (Zacharias et al., 2021b). 

The position of each Lagrangian Element (LE) is given by the vector sum of the internal 

and external velocities of the oil slick (Equation 1) (Lynch et al., 2015). 

𝑑𝑃

𝑑𝑡
= �⃗� 𝐸𝑓(𝑃, 𝑡) + �⃗� 𝑠𝑝𝑑(𝑃, 𝑡) + �⃗� 𝑑𝑖𝑓(𝑃, 𝑡)           (1) 

Where P (x, y, z), VEf, Vspd, and Vdif define the instantaneous position of the particle in 

space, resulting speed of the winds and currents, gravitational spreading speed, and the turbulent 

diffusion velocity parameterized by a random motion equation, respectively. 

Advection is the tridimensional transport of the LE caused by winds, currents, and vertical 

transport due to breaking waves and buoyancy. The STFM uses the friction velocity from WRF 

to calculate the atmospheric drag coefficient and solve the advection as Equation 2 (Lynch et 

al., 2015). 

�⃗� 𝐸𝑓(𝑃, 𝑡) =  𝑘𝑠𝑒𝑎�⃗� 𝑠𝑒𝑎(𝑃, 𝑡) + 𝑘𝑤𝑖𝑛𝑑�⃗� 𝑤𝑖𝑛𝑑(𝑃, 𝑡) + 𝑘𝑏𝑢𝑜𝑦�⃗� 𝑏𝑢𝑜𝑦(𝑃, 𝑡)       (2) 
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Where ksea and kbuoy are the transport coefficient constants (=1.0) for the ocean current and 

buoyancy, respectively; kwind is the coefficient of transport by wind, Vsea, Vwind and Vbuoy are the 

speed vectors for currents, winds and buoyancy, respectively. 

The buoyancy speed is based on Stokes’ law (Equation 2a). This velocity is particularly 

important for undersurface spills or leaks (Mackay et al., 1980), Equation 2b.  

𝑉𝑏𝑢𝑜𝑦(𝑃, 𝑡) =
𝑔   𝑑𝑖

2

18  𝜈𝑤
  (

𝜌𝑤− 𝜌0

𝜌0
)                     (2a) 

𝑘𝑤𝑖𝑛𝑑 = 𝑒10𝑧    (
𝑢∗

𝑈10
)
2

           (2b) 

Where g is the gravitational acceleration, ρo is the oil density, ρw is the water density, vw is 

the water viscosity, di is the droplets diameter randomly, z is the LE depth (0 for surface and 

negative for undersurface depths), e10z is an inertial wind speed damping function that quickly 

decays to zero as the LE sinks, u* and U10 are the friction velocity and wind speed module at a 

height of 10 m. 

Spreading is the first effect solved by the STFM when the oil is released. It consists of a 

horizontal evolution of the slick, resulting from the action of gravity and buoyancy forces, 

facing the viscosity resistance (Fay, 1971; Dodge et al., 1983; Lynch et al., 2015). 

The initial area (Equation 3a) evolves very quickly (a good number of minutes) compared 

to the oil slick's lifetime (Equation 3b). After a certain moment, turbulent diffusion becomes 

predominant and spreading reduces to zero, following the increase in viscosity. 

 

𝐴0  =  𝜋
𝑘2

4

𝑘1
2 (

∆𝑔𝑉5

𝜈𝑤
)

1

6
             (3a) 

𝑑𝐴

𝑑𝑡
= (

𝑘2
4𝜋2

2
) (

(𝜌𝑤−𝜌0) 𝑔

𝜌𝑤 √𝑣𝑤
)
2/3

𝐴1/3 (
𝑉

𝐴
)
4/3

+
𝐴

3
[
2

𝑀

𝑑𝑀

𝑑𝑡
]        (3b) 

Where k1 and k2 are Fay’s constants (0.5 and 0.75 respectively), A is the area of the slick, 

V is the volume of spilled oil, and M is the mass of the oil remaining on the slick. 

Turbulent diffusion is the mass transport inside the oil slick through random and chaotic 

motions. This effect is usually parameterized in different ways within the Lagrangian models 

to represent the subgrid scale effects of atmospheric and hydrodynamic models.  

The STFM solves the Brownian motion of the LE introduced by Langevin’s theory, using 

the Ornstein-Uhlenbeck process (Equation 4) resulting in less abrupt changes in the velocity 

and position of the Lagrangian particles (Gillespie, 1996; Lynch et al., 2015). 

𝑑𝑉𝑑𝑖𝑓(𝑡)

𝑑𝑡
+

1

𝑅
𝑉𝑑𝑖𝑓(𝑡) = 𝑐0.5𝐺(𝑡)            (4) 

Where R and c are positive constants called the relaxation time and the diffusion constant, 

respectively; and G(t) is the ‘‘Gaussian white noise,’’ which may be defined as the dt→0 limit 

of the temporally uncorrelated normal random variable with mean 0 and variance 1/dt.  

The dissolution process consists of the loss of soluble fractions from the oil slick to the 

water column. The oil components’ dissolution rates are much lower than the other weathering 

effects. Analyzing the mass loss of the slick, dissolution is practically negligible (0-2% loss) 
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when compared to its evaporation (30-90% loss); this is the reason why many models presented 

in the literature do not include dissolution in their formulations (Keramea et al., 2021). 

However, some specific components, such as benzene, may be of special interest because of 

their higher dissolution rate and their levels of toxicity to marine life. 

Hydrocarbons that ultimately dissolve in water are mostly aromatic and dissolved in the 

sub-surface interaction between oil droplets and water. The STFM discretizes dissolution by 

elements of interest (Equation 5) to assess the residual impact on water quality resulting from 

dissolved fractions, which cannot be removed even after oil clean-up (Huang and Monastero 

1982; Cohen et al., 1980; Lynch et al., 2015). 

𝑑 𝑆𝑑
𝑖

𝑑𝑡
= 𝐾𝑑  𝑓𝑆 𝑇

𝑖 𝐸𝑖  𝑆0𝑒
𝛼𝑡             (5) 

Where Sd is the dissolution rate (g/h/m2) of the “i” component, Kd is the mass transfer 

speed due the dissolution (0.0002 m min−1), fs is the fraction of the surface covered by crude 

oil, Ti is the mass content of component “i” in the spilled oil (dimensionless), Ei is the increase 

of  dissolution of component “i” in comparison to the average dissolution of the spilled oil 

(dimensionless), S0 is the oil initial solubility (30 g/m3), α is the decay constant (min-1), t is the 

time after the spill in minutes.  

The values of E and S0 are not easily found in the literature, so some reference values have 

been provided in Table 1 and Table 2. 

Table 1. Increment factor on spilled oil solubility in function of 

component types. 

Component Type Increment Factor (E) 

Alkanes (pentane, octane) 1.4 

Cycloalkanes (cyclopentane, cyclooctane) 1.4 

Aromatic (benzene, toluene) 2.2 

Alkenes (pentene, decene) 1.8 

Source: Particle in the Coastal Ocean: Theory and Applications (Lynch et 

al., 2015). 

Table 2. Oil-type solubility in distilled 

water. 

Oil Type Solubility S0 (kg/m3) 

Premium Gasoline 0.112 

Diesel 0.003 

Alberta 0.025 

Arabian Light 0.019 

Arabian Medium 0.018 

Fuel Oil No. 2 0.003 

Bunker C 0.006 

Source: Particle in the Coastal Ocean: Theory 

and Applications (Lynch et al., 2015). 

The dispersion process of the oil slick consists of the gradual entrance of oil fractions 

(droplets) in the vertical column of water, and, due to weathering of lighter fractions or the 

collision/coalescence process with suspended sediment, or the use of dispersants, these droplets 

no longer return to the surface. 

In probabilistic approaches or preliminary simulations, STFM uses a simplified model that 
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integrates vertical dispersion, sedimentation and sinking in the water column (Mackay et al., 

1980; Zacharias et al., 2021a). In the usual simulations, STFM uses the “classic” formulation 

given by Equation 6 (Delvigne and Sweeney, 1988). 

𝑑𝑄 = 𝐶0𝐸
0,57𝐷0,7𝑆𝑐𝑜𝑣𝐹𝑤𝑐 𝑑𝐷            (6) 

Where dQ is the mass rate entangled in the water column by the diameter class D (kg/m2/s), 

E is the energy of the waves dissipated per unit area for a single breaking wave (J/m2), Fwc is 

the fraction of oceanic coverage with waves, Scov is the fraction of oceanic coverage with oil 

and C0 is the empirical constant of the oil. 

The STFM uses a very simple droplet size distribution with 20 classes based on Delvigne 

and Sweeney (1988) for heavy crude oils, and on Cekirge et al. (1997) for orimulsion or fuel 

residual oils in plumes. 

Evaporation is the main process in oil weathering, affecting mainly the lighter components, 

and also responsible for the natural removal of oil spilled on the ocean surface. It is calculated 

by the STFM using the empirical set of equations obtained by Fingas (Equation 7), based on 

the atmospheric exposure time of the oil slick and the oil temperature (Fingas, 2016). 

𝐹𝑒 = (𝐾𝐹𝑎 + 𝐾𝐹𝑏𝑇).  𝑙𝑛(𝑡)             (7) 

Where Ka is the evaporation coefficient A of the oil, Kb is the evaporation coefficient B of 

the oil, T is the oil temperature (°C) and t is the time in minutes. 

The formation of emulsions (water immersed in the oil) results in a significant increase in 

the oil slick volume, changing its dimensional characteristics, such as area and thickness. 

Weathering is very important in all oil spill models; however, it is also one of the most difficult 

effects to be properly predicted, with 30 ~ 50% overestimation (Keramea et al., 2021). The 

basic model is given by Equation 8 (Mackay et al., 1980; Fingas, 2016). 

𝑑𝐹𝑤

𝑑𝑡
= 2 × 10−5(𝑈 + 1)2 (1 −

𝐹𝑤

𝐹𝑤
𝑓𝑖𝑛𝑎𝑙)           (8) 

Where FW
final is the maximum water content absorbed by the oil.  

STFM has been compared with the results obtained by two reference models: ADIOS2 

(Lehr et al., 2002) and GNOME (Zelenke et al., 2012), and with other algorithms previously 

tested Wang et al. (2005), Stringari et al. (2013; 2014) and Zadeh and Hejazi (2012), using the 

methodology previously described and analyzed on the Brazilian coast (Zacharias et al.; 2018; 

Zacharias and Fornaro, 2020) and using a model performance evaluation (Chang and Hanna, 

2004). The performance evaluation of the model consists of the observation of the distance 

between the model’s obtained results and the expected values, so that the less the distance and 

systematic errors, the better the performance. 

The environmental data (coastline, meteorological and hydrodynamic fields) used in this 

study have been provided by GNOME Online Oceanographic Data Server (GOODS), which 

serves as a user-friendly interface to the NOAA global database, allowing the extraction of 

environmental information and its exportation in GNOME input file formats 

(https://gnome.orr.noaa.gov/goods – last visit on Aug/29/2021). 

The Global Forecast System (GFS) is a complete global-scale weather forecasting system 

developed by the National Center for Environmental Prediction (NCEP), providing data at 

resolutions ranging from 0.25º to 2.5º. The GOODS platform has access to 0.5º and 1º spatial 
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resolution data; therefore, due to the need for compatibility with GNOME, data with 0.5º spatial 

resolution, provided every 6 hours, have been used. 

STFM has used the WRF (Weather Research & Forecasting Model) atmospheric data. The 

WRF simulation covers the area 20° S, 50° W to 10° N, 20° W, with a 1-h time interval and 

0.15o horizontal resolution (Skamarock et al., 2019). The WRF was driven by initial and 

boundary conditions from the National Center for Environmental Prediction (NCEP) database 

from the Global Forecast System (GFS) historical archive (dataset name: ds084.1) at a 6-h 

interval and 0.25o horizontal resolution (NCEP et al., 2015). 

GOODS extracts surface current data directly from Global HYCOM, which operationally 

simulates ocean conditions with 1/12º horizontal resolution (ie, one grid element every 7 km, 

approximately, for the domain of this study), being able to solve the oceanic circulation in 

turbulent scale (eddy), presenting the vortices and meanders of the main currents in the region 

(Chassignet et al., 2007). 

The Hybrid Coordinate Ocean Model (HYCOM) is a computational model of general 

ocean circulation that numerically solves primitive hydrodynamic equations. The main 

evolutionary characteristic of HYCOM (in comparison with its predecessors) is the use of 

hybrid vertical coordinates, establishing vertical levels by isobars (levels of the same pressure), 

isopycnals (same density) or by sigma coordinates (height with respect to the background level) 

thus obtaining better results in coastal (shallow waters) and oceanic simulations (Chassignet et 

al., 2007). 

The initial set of simulations has evaluated the movement of the oil drift models, including 

advection, spreading and diffusion. Three spill locations have been used in different areas of 

Santos Basin (Zacharias and Fornaro, 2020). 

The set of simulations has considered 3 spill points, 5 different models and 6 initial dates, 

totaling 90 numerical simulations (Table 3). The model performance evaluation has been 

carried out using the methodology given by Chang and Hanna (2004).  

Table 3. Input data of the initial simulations for oil 

spill accidents in Santos Basin. 

INPUT DATA INITIAL VALUE 

Lagrangian Elements 500 (500 bbl) 

Point 01 26º S; 42º W 

Point 02 26º S; 44º W 

Point 03 26º S; 46º W 

Spill Initial Time 01 19/jun/2013 at 0h01 

Spill Initial Time 02 07/aug/2016 at 0h01 

Spill Initial Time 03 17/jan/2017 at 0h01 

Spill Initial Time 04 18/feb/2017 at 0h01 

Spill Initial Time 05 06/mar/2017 at 0h01 

Spill Initial Time 06 01/apr/2017 at 0h01 

Simulation Time 240 h 

Time Step 10 min 

Oil Name Arabian Medium Crude Oil 

The weathering and physicochemical analysis of the models have been based on the 

comparison with reference model ADIOS2 (Lehr et al., 2002), using crude oils from the 

Arabian series (Extra Light, Light, Medium and Heavy), obtained from ADIOS2 (Table 4). 
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Table 4. Oil Input data in the fate simulations for oil spill accidents in 

Santos Basin. 

Parameters 
Arabian  

Extra-Light 

Arabian  

Light 

Arabian  

Medium 

Arabian  

Heavy 

API 36.9 33.4 29.5 27.4 

Density (g/cm3) 0.839 0.866 0.8732 0.887 

Viscosity (m2/s) 4.2E-06 1.2E-05 1.6E-05 4.8E-05 

Interfacial Tension (N/m) 0.015 0.017 0.018 0.020 

Water Maximum Content 0.89 0.87 0.85 0.90 

Asphaltenes Content 0.02 0.03 0.06 0.08 

Benzene Content 0.43 0.39 0.32 0.25 

Oil Solubility(kg/m3) 0.021 0.019 0.018 0.016 

Kd(m/h) 0.01 0.01 0.01 0.01 

α(h-1) 0.1 0.1 0.1 0.1 

A 5.3 4.3 5.3 6.3 

B 10.9 10.3 10.3 10.3 

Ka 4.16 3.41 1.89 2.71 

Kb 0.045 0.045 0.045 0.045 

Sources: Automated Data Inquiry for Oil Spills – ADIOS2 (Lehr et al., 2002) and 

Oil Spill Science and Technology (Fingas, 2016). 

3. RESULTS AND DISCUSSION 

The STFM model performance evaluation has presented satisfactory results in oil slick 

full-movement simulations (Table 5), comparing those with all reference models, using the 

previously established criteria (Zacharias et al., 2018). 

The variations in the Model Performance Evaluation results are within the established 

limits, which means that all tested models have presented similar and concordant predictions of 

the oil slick’s movement.  

Table 5. Model performance evaluation by Chang and Hanna (2004) of the 

STFM full-movements (trajectories, spreading and diffusion) when compared 

with other models. 

 GNOME WANG STRINGARI ZADEH Validation criteria 

FB -0.11 0.00 0.00 -0.04 - 0.25 ≤ FB ≤ +0.25 

MG 1.21 1.01 0.99 1.08 0.75 ≤ MG ≤ 1.25 

NMSE 0.12 0.00 0.00 0.03 0.0 ≤ NMSE ≤ 0.5 

VG 1.73 1.02 1.01 1.30 1.0 ≤ VG ≤ 2.5 

R 0.77 0.99 0.99 0.94 0.75 ≤ R ≤ 1 

FAC2 0.88 0.99 0.99 0.92 0.75 ≤ FAC2 ≤ 1 

Weathering results have been consistent among all tested models (Table 6). Evaporation 

and emulsification are always the most important factors in weathering. In general, the models 

use equations that are very similar to each other to estimate these two effects, so the results of 

the model performance evaluation are very similar. The pseudo-components method is the 

natural evolution for all these models; however, it faces the lack of adequate information about 

the composition of each type of oil. 

Density and viscosity variations resulting from changes in the oil composition are affected 

by evaporation and emulsification. Again, without good oil speciation, parameterizations are 

used to represent these effects, and the tendency is for uncertainties to accumulate and estimates 
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of these variables to be less accurate (Table 6). 

Table 6. Model performance evaluation by Chang and Hanna (2004) of the STFM weathering 

when compared with other models. 

  WANG STRINGARI ZADEH ADIOS 2 Validation criteria 

Evaporation 

FB 0.081 0.097 0.120 0.051 - 0.15 ≤ FB ≤ 0.15 

MG 0.882 0.798 0.809 0.946 0.85 ≤ MG ≤ 1.15 

NMSE 0.036 0.052 0.045 0.017 0.0 ≤ NMSE ≤ 0.35 

VG 1.042 1.293 1.147 1.035 1.0 ≤ VG ≤ 1.85 

R 0.771 0.858 0.881 0.868 0.85 ≤ R ≤ 1.00 

FAC2 0.998 0.928 0.952 0.995 0.85 ≤ FAC2 ≤ 1.00 

Emulsification 

FB 0.001 0.000 0.001 0.044 - 0.15 ≤ FB ≤ 0.15 

MG 0.972 0.973 0.972 0.973 0.85 ≤ MG ≤ 1.15 

NMSE 0.000 0.000 0.000 0.010 0.0 ≤ NMSE ≤ 0.35 

VG 1.000 1.000 1.000 1.068 1.0 ≤ VG ≤ 1.85 

R 0.977 0.977 0.977 0.977 0.85 ≤ R ≤ 1.00 

FAC2 1.000 1.000 1.000 0.987 0.85 ≤ FAC2 ≤ 1.00 

Density 

FB -0.002 0.004 0.003 0.002 - 0.15 ≤ FB ≤ 0.15 

MG 1.000 0.994 0.995 0.998 0.85 ≤ MG ≤ 1.15 

NMSE 0.000 0.000 0.000 0.000 0.0 ≤ NMSE ≤ 0.35 

VG 1.000 1.000 1.000 1.000 1.0 ≤ VG ≤ 1.85 

R 0.518 0.742 0.643 0.508 0.85 ≤ R ≤ 1.00 

FAC2 1.000 1.000 1.000 1.000 0.85 ≤ FAC2 ≤ 1.00 

Viscosity 

FB 0.135 -0.034 0.113 0.139 - 0.15 ≤ FB ≤ 0.15 

MG 0.915 0.798 0.736 0.859 0.85 ≤ MG ≤ 1.15 

NMSE 1.201 0.047 0.086 0.310 0.0 ≤ NMSE ≤ 0.35 

VG 1.935 1.075 1.054 1.517 1.0 ≤ VG ≤ 1.85 

R 0.967 0.968 0.969 0.976 0.85 ≤ R ≤ 1.00 

FAC2 0.713 0.992 1.000 0.728 0.85 ≤ FAC2 ≤ 1.00 

Dispersion 

FB 0.104 -0.039 0.065 0.005 - 0.15 ≤ FB ≤ 0.15 

MG 0.944 1.082 0.982 0.950 0.85 ≤ MG ≤ 1.15 

NMSE 0.363 0.095 0.319 0.320 0.0 ≤ NMSE ≤ 0.35 

VG 1.350 1.156 1.349 1.236 1.0 ≤ VG ≤ 1.85 

R 0.919 0.888 0.919 0.811 0.85 ≤ R ≤ 1.00 

FAC2 0.902 0.901 0.899 0.895 0.85 ≤ FAC2 ≤ 1.00 

Oil dispersion in the water column is parameterized by the wind, resulting in a very easy 

method to be implemented. However, the formation of waves and droplets tends to be more 

complex. This part of the weathering will undergo substantial improvement with the 

assimilation of wave models as input data (Table 6). 

In general, the STFM has presented excellent results of model performance evaluation 

when compared with other models in the same category, meeting the necessary criteria for 

model validation. 

4. CONCLUSION 

The STFM code has been tested against the other developed codes (Wang, Stringari and 

Zadeh) and reference models (GNOME and ADIOS2), with validation criteria proposed by 

Chang and Hanna. The model works according to the proposed premises and meets the 

objective of simulating events of oil spill on the ocean surface, successfully determining the 

drift trajectory and weathering of the spilled oil. 
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The physicochemical equations used in the STFM can be easily coupled with 

hydrodynamic models (such as MOHID or SISBAHIA), including all proposed weathering 

(evaporation, composition of residual oil fractions, emulsification, alteration of density and 

viscosity, dissolution and toxicity). 

The STFM has demonstrated the ability to handle different types of oil (from extra-light 

to heavy oils), covering the whole spectrum of commonly used oils and spillage possibilities. 

The presented model has great potential for evolution and use in the existing coastal, estuarine 

and water quality models. 

The results have shown that the STFM is fully calibrated and validated for simulations on 

the Brazilian coast. Evidently, future simulations with STFM will have the same quality as the 

data provided by HYCOM and WRF, so for time-response applications, it is really important 

that HYCOM and WRF are properly calibrated as well. 
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ABSTRACT  
M. ole·ifera se·ed hu·sks (H-M·O) w·ere u·sed as adsorbent for the removal of methylene blue 

(MB) dye from an aqueous solution. The ads ·orbent was char·acterized by SE·M, ED·X, X·RD, 

F·TIR, B·ET, and p·HPZC. To evaluate adsorption capacity, the influences of p ·H, kinetics, 

isotherms, and thermodynamic prop·erties were anal·yzed. Characteri·zation tech·niques indic·ated 

that H-MO has het·erogeneous morp·hological charac·teristics wi·th a spe·cific sur·face a·rea of 3.24 

m2 g-1, mai·nly comp·osed of ce·llulose distr·ibuted in an amor·phous stru·cture. MB adsorption 

was favorable at pH values higher than pHPZC of 6.6, using an adsorbent dosage of 1.0 g L-1. 

Equilibrium was achieved in the first 240 min, and the pseudo-second-order model was suitable 

for describing the kinetic data. Freu ·ndlich was the mo ·st adeq·uate model for descri·bing the 

isoth·erm cur·ves, pred·icting a max·imum adsor·ption capa·city of 122.7 mg g-1 at 24°C, hig·her 

tha·n oth·er natu·ral ad·sorbents. The ads·orption proc·ess w·as spo·ntaneous and exoth·ermic, 

indic·ating that lo·wer temper·atures fav·or the ad·sorption and th·at it is cont ·rolled by p·hysical 

fo·rces. The da·ta presen·ted indic·ate the M·B has t·he pot·ential to be succ·essfully trea·ted by the 

eco-fr·iendly and l·ow-cost ads·orbent M. oleif·era seed h·usks. 

Keywords: agricultural wastes, low-cost adsorbent, physisorption.  

Cascas da semente de Moringa oleifera para adsorção do corante azul 

de metileno: análise cinética, de equilíbrio e termodinâmica 

RESUMO 
Cas·cas de sem·entes de M. oleifera (H-MO) fora·m usadas com·o adsorve·nte para remo·ver 

o coran·te az·ul de metile·no (MB) de uma solu ·ção aqu·osa. O adsorve·nte foi caracte·rizado por 

ME·V, ED·S, DRX, FT·IR, B·ET e pH·PCZ. Para aval·iar a capacid·ade de adsor·ção, foi ana·lisada a 

influ·ência do pH, ciné·tica, isoter·mas e propr·iedades termo·dinâmicas. Técnic·as de 

caracter·ização indic·aram que a H-MO poss·ui caracter·ísticas morfológ·icas hetero·gêneas com 

á·rea supe·rficial espe·cífica de 3,24 m2 g-1, co·mposta prin·cipalmente por celu·lose distr·ibuída em 

estr·utura am·orfa. A adso·rção de MB foi favo·rável em va·lores de pH supe·riores a pHP·CZ de 6,6, 

utili·zando uma dosa·gem de ads·orvente de 1,0 g L-1. O equ·ilíbrio foi alca·nçado nos prim·eiros 

240 min, e o mode·lo de pseu·do seg·unda or·dem foi adequa·do para desc·rever os dad·os cin·éticos. 

Fre·undlich foi o mo·delo mais ade·quado para des·crever as curvas isot ·érmicas, preve·ndo uma 

cap·acidade máx·ima de ads·orção de 122,7 mg g-1 a 24°C, supe·rior a ou·tros adsor·ventes nat·urais. 
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O pro·cesso de adsor·ção foi esp·ontâneo e exoté·rmico, indi·cando que temper·aturas mais ba·ixas 

favor·ecem a adsor·ção e que ela é con·trolada por for·ças físi·cas. Os d·ados aprese·ntados indi·cam 

que o M·B tem· po·tencial para ser tr·atado com suc·esso pelas ca·scas de semen·tes de M. oleif·era, 

um adsorvente ecol·ogicamente favo·rável e de ba·ixo custo. 

Palavras-chave: adsorventes de baixo custo, fisissorção, resíduos agrícolas. 

1. INTRODUCTION 

In the last decades, a growing interest in the use of alternative, low-cost adsorbents (LCAs) 

has been observed. LCAs are classified as natural materials (e.g., wood, coal, clays), industrial 

wastes/by-products (e.g., fly ash, red mud), and agricultural wastes/by-products (e.g., seed, seed 

husk, corn cob waste) (Gupta et al., 2009). In this sense, the seed husk of Moringa oleifera is 

included as agricultural waste. This plant has several applications in the food, pharmaceutical, 

cosmetics, and food nutrition industries due to its properties (Ueda Yamaguchi et al., 2021). 

Also, for many years, several studies have been investigating the potential of its seeds in 

drinking water treatment (Ribeiro et al., 2019), and in domestic (Vega Andrade et al., 2021) 

and industrial wastewater treatment (Villaseñor-Basulto et al., 2018) due to its coagulant 

properties. In addition to its use as a coagulant, M. oleifera seed has also been investigated as 

an alternative in the treatment of drinking water and wastewater as an adsorbent, for example, 

in the removal of heavy metals (Araújo et al., 2013) and dyes (Reck et al., 2018). However, the 

use of the M. oleifera seed generates the seed’s husk waste. The potential advancement in the 

use of this seed as a coagulant and adsorbent on a commercial scale requires better management 

of its waste (husk) through the evaluation of possible scientific and technological applications. 

The use of M. oleifera seed husk has not proved to be efficient as a coagulant (Kansal and 

Kumari, 2014). However, recent studies have been conducted to evaluate the possibility of 

using the husk as an adsorbent to remove pollutants from water, such as atrazine herbicide 

(Cusioli et al., 2019), acetaminophen analgesic (Quesada et al., 2019), diuron pesticide (Bezerra 

et al., 2018), trihalomethanes (Okoya et al., 2020), and cyanobacterial hepatotoxin microcystin-

LR (Warhurst et al., 1997). The capacity of M. oleifera seed husk to remove those pollutants 

shows its potential application as a LCA in the treatment of drinking water and wastewater, and 

new studies for removal of different problematic pollutants are required, such as dyes from 

textile wastewaters. 

Dye industry effluents, when not properly treated, can cause an oxygen imbalance in 

ecosystems by dissolved oxygen depletion, in addition to preventing sunlight penetration, 

thereby altering the photosynthetic activity of the environment, which results in water quality 

deterioration and, consequently, in adverse effects to the local fauna and flora (Yagub et al., 

2014). Methylene blue (MB) dye is a synthetic and cationic dye, from the group of thiazines, 

soluble in water and widely used in the textile industry to color silk, cotton, wool, leather, and 

paper coating. This dye shows toxicity such as teratogenicity, mutagenicity, neurotoxicity, 

nucleic acid damage, etc. (Sabnis, 2010) An aggravating factor is that dyes are resistant to 

degradation, and this property becomes an obstacle to effluent treatment, since they are 

substances that have highly stable chemical structures, making their removal difficult whether 

by biological, chemical, or physical process (Yagub et al., 2014). Several methods are used for 

the removal of dyes from wastewater, such as adsorption, coagulation, advanced oxidation, and 

membrane separation (Gupta et al., 2009). Many textile industries use commercial activated 

carbon for the treatment of dye waste, as adsorption is one of the most effective processes of 

advanced wastewater treatment (Yagub et al., 2014). Several types of adsorbents have been 

evaluated for MB dye removal as a cost-effective alternative to commercial activated carbons, 

such as the agricultural wastes/by-products LCAs apple pomace (Bonetto et al., 2021), 
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Brazilian berry seeds (E. uniflora) (Georgin et al., 2020), and sorghum husk (Adeogun et al., 

2019). 

In this context, considering the need for better use of M. oleifera seed husk as a low-cost 

adsorbent from agricultural waste and the risks associated with the discharge of MB dye from 

an industrial effluent, a systematic investigation, including equilibrium, thermodynamics, 

kinetics, and mechanism of the adsorption of MB dye by M. oleifera seed husk, is a subject of 

interest and is discussed in this paper. 

2. MATERIAL AND METHODS  

2.1. Adsorbent preparation and characterization 

Moringa oleifera seeds were purchased from Arbocenter, and the seeds were harvested in 

the city of Araçatuba (20°56′19.72″ S, 50°40′6.17″ W), São Paulo – Brazil. First, the seeds were 

manually peeled. Seed kernels were segregated for future studies related to oil extraction and 

further use as a coagulant. The husks were then washed with deionized water and dried in a 

SolidSteel’s 42L SSDc oven at 60°C for 24 h. After drying, the husks were ground using a 

commercial blender and sieved to be standardized on a maximum particle size of 600 µm. The 

powder obtained was used as adsorbent, and hereinafter will be called “H-MO”. 

The surface functional groups of H-MO were determined by Fourier Transform Infrared 

(FTIR) Spectroscopy (Shimadzu IRAffinity-1), in which the samples were scanned in the 

region of 4000 - 650 cm-1, in transmittance mode. The structural properties of the powder 

samples were determined by X-ray diffractometer (Rigaku Ultima IV), equipped with CuKα 

radiation (λ = 0.154 nm) at 40 kV, 30 mA and 2θ scan ranging from 5° to 80° with 2° min-1 

step. Surface morphology was evaluated by scanning electron microscopy (SEM) (Tescan Vega 

3), with 15.0 kV acceleration voltage. The energy dispersive X-ray spectroscopy (EDX) 

provided the elemental analysis of the H-MO through the SEM coupled with the EDX detector 

(Oxford X-act). For this analysis, the samples were previously covered with gold at a thickness 

of approximately 25 nm. The point of zero charge (pHPZC) was measured by the salt addition 

method with 0.1M NaNO3 (purity ≥ 98%, Êxodo), proposed by Bakatula et al. (2018). To 

determine the specific surface area, the BET method was used by adsorption/desorption 

isotherms of N2 at -196°C in a Nova 4200e (Quantachrome). Before the adsorption of N2, the 

samples were dried for 24 h at 60°C and subjected to degassing for 3 h at 90°C. 

2.2. H-MO adsorption studies 

The adsorption assays were conducted using methylene blue dye (MB) hydrate (purity ≥ 

82%, Neon) as adsorbate. From a MB stock solution (1 g L-1), dilutions with demineralized 

water were made for the adsorption study. The experiments were conducted in triplicate in a 

batch mode on a thermostatic stirring bath (Dubnoff 304-TPA) at 100 rpm. After adsorption 

time, the solutions were then centrifuged (Excelsa II 206-BL) at 3,000 rpm for 5 min and the 

MB concentration was measured by UV-Vis spectrophotometer (Shimadzu UV 1800), 

operating at λmax = 664 nm wavelength. The percentage of dye removal (R, % - Equation 1), 

adsorption capacity at any time (qt, mg g−1 - Equation 2) and at equilibrium (qe, mg g−1 - 

Equation 3) were calculated as follows: 

𝑅 =  
(𝐶0−𝐶𝑡) 100

𝐶0
                (1) 

𝑞𝑡 =  
(𝐶0−𝐶𝑡) 𝑉

𝑚
                (2) 

𝑞𝑒 =  
(𝐶0−𝐶𝑒) 𝑉

𝑚
               (3) 
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Where C0 is the initial concentration of MB, Ct is the concentration of MB at any time, Ce 

is the equilibrium concentration of MB, V is the volume of solution, and m is the mass of the 

adsorbent. 

The H-MO dosage effect was analyzed for the values of 0.2, 0.6, 1.0, 1.6, 2.0, 2.6, 3.0, and 

4.0 g L-1. For these assays, the pH was set at 7.0. The different H-MO dosages were put in 

contact with 50 mL of MB solution with an initial concentration of 50 mg L-1. Since the 

equilibrium time was not determined yet, solutions were stirred during 1,200 min at 24°C. 

Based on the percentage of dye removal (R), the ideal dosage of adsorbent for the next tests 

was determined. 

The pH effect test was conducted for the pH values of 5.0, 6.0, 7.0, 8.0, and 9.0, using 1.0 

g L-1 of H-MO adsorbent, previously defined by the dosage effect. The pH adjustments were 

made with HNO3 0.1M (purity ≥ 66%, LS Chemicals) or NaOH 0.1M (purity 99.67%, Neon). 

H-MO adsorbent was added to 50 mL of MB solutions with initial concentration of 50 mg L-1, 

and the solutions were stirred for 1,200 min at 24°C. 

The kinetic adsorption experiments were conducted using the best conditions found in the 

pH (9.0) and dosage (1.0 g L-1) tests. H-MO adsorbent was added to 50 mL of MB solutions 

with an initial concentration of 50 mg L-1, and the solutions were agitated at 24°C. Samples 

were collected at predefined times of 5, 20, 40, 60, 120, 240, 360, 480, 600, 720, and 1440 min. 

Through adsorption kinetics, the equilibrium time was determined, which was used in the 

adsorption isotherm test. 

The adsorption isotherms were determined by varying the initial MB concentration (5, 10, 

15, 20, 30, 40, 50, 60, 70, 80 and 90 mg L-1) in 50 mL of solution with dosage of adsorbent (1.0 

g L-1), pH value (pH = 9), and equilibrium time (240 min) previously determined. The 

temperatures evaluated were 24°C, 34°C, and 44°C. 

3. RESULTS AND DISCUSSION 

3.1. H-MO adsorbent characterization 

The morphology H-MO's SEM images are shown in Figure 1, where non-uniform complex 

fiber matrix with no particular shape can be observed, in agreement with other authors (Araujo 

et al., 2018; Quesada et al., 2019). The overall H-MO chemical composition, as a result of 

semi-quantitative EDX spectrometry, presented a major presence of carbon (69.4% of weight) 

and oxygen (30.4% of weight), which are related to the natural organic structure of the 

lignocellulosic structure of the material, such as cellulose, hemicellulose, and lignin (Bezerra 

et al., 2018; Garcia-Fayos et al., 2016). 

 
Figure 1. SEM images of the H-MO adsorbent at different 

magnifications: a) × 2000 e b) × 6000. 
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The N2 adsorption–desorption isotherm of H-MO adsorbent is presented in Figure 2, in 

which one can notice a typical behavior of a Type II isotherm with Type H3 hysteresis. Type II 

isotherms are given by the physisorption of most gases on nonporous or microporous 

adsorbents. The shape is the result of unrestricted monolayer-multilayer adsorption up to high 

P/P0. Since the curvature in Figure 2 is more gradual, this is an indication of a great amount of 

overlap of monolayer coverage and the onset of multilayer adsorption. When P/P0 = 1, the 

thickness of the adsorbed multilayer usually appears to increase without limit (Thommes et al., 

2015). The open-loop presented in the N2 adsorption-desorption isotherm (Figure 2) is probably 

related to the pressure-dependent elastic deformation behavior, which is in accordance with low 

surface area adsorbents (Tang et al., 2017). 

 
Figure 2. BET N2 adsorption–desorption isotherm at -

196°C for H-MO. 

The BET textural parameters of H-MO indicate a low specific surface area and total pore 

volume of 3.24 m2 g-1 and 0.010 cm3 g-1, respectively. These results are expected, as the seed 

husks have not been activated, and are in accordance with the literature relating to in natura M. 

oleifera seed husks. Cusioli et al. (2019) reported 1.52 m2 g-1 and 0.021 cm3 g-1, and Quesada 

et al. (2019) reported 1.2 m2 g-1 and 0.002 cm3 g-1 of specific surface area and total pore volume, 

respectively. The results are also in agreement with the behavior of a Type II isotherm, shown 

in Figure 2, of nonporous adsorbents. 

The XRD pattern was conducted to determine the degree of crystalline or amorphous 

nature of the H-MO adsorbent and is presented in Figure 3(a). One can see, from the wide shape 

of the pattern, the material presents a predominance of an amorphous characteristic, suggesting 

a more disordered structure of the carbonaceous matrix. The main peak is detected at the 2θ 

value of around 22°, and the small peaks at around 16° and 35°, and they are attributed to 

crystalline cellulose (Barnette et al., 2012). Similar peaks have been also found for modified 

M. oleifera seed husk (Bezerra et al., 2018) and Brazilian berry seeds (Eugenia uniflora) 

(Georgin et al., 2020). 

The FTIR spectrum of H-MO is shown in Figure 3(b), exhibiting characteristic bands of 

lignocellulosic materials (Li et al., 2018). The broad peak in 3370 cm-1 indicates hydroxyl 

bonds O-H. Smaller peak in 2922 cm-1 could describe symmetric and asymmetric C-H 

stretching vibrations. The 1638 cm-1 peak can appear due to the interactions between water and 

C=O or N-H stretching vibrations. Finally, the strong peak at 1032 cm-1 can be originated by 

C-O bonds. The FTIR spectra also agrees with the literature relating to in natura M. oleifera 

seed husks (Tavares et al., 2017; Garcia-Fayos et al. 2016). One can thus conclude that, 

according to the FTIR spectra found, the surface of the adsorbent possesses a wide variety of 
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functional groups that favor the adsorptive process. 

 
Figure 3. a) X-ray diffractogram at 40 kV and 30 mA and b) FTIR spectrum in the region of 4000 - 

650 cm-1 of H-MO. 

3.2. Effect of adsorbent dosage on adsorption capacity 

The effect of H-MO adsorbent dosage on the percentage removal of the adsorbate MB is 

shown in Figure 4. Initially, the percentage of MB removal increases sharply as the adsorbent 

dosage increases. Such an increase might be attributed to the higher number of available 

adsorbent active sites for adsorption (Shah et al., 2015). A maximum removal value of 98% is 

achieved at a dosage of 4 g L-1. However, considering that in the dosage of 1 g L-1 an MB 

removal greater than 90% was achieved, and that the increase in this dosage did not bring 

significant increases in removal, the dosage of 1 g L-1 of adsorbent is justified for economic 

purposes and was chosen for this study. 

 
Figure 4. Effect of dosage on adsorption 

capacity of MB dye onto H-MO (C0 = 50 mg L-

1, 24°C, V = 50 mL, pH = 7.0, 1,200 min, 100 

rpm). 

3.3. Point of zero charge (pHPZC) and effect of the solution pH on adsorption capacity 

Figure 5(a) shows the influence of pH value on the adsorption of MB by H-MO. One can 

observe that pH values increase from 5 to 9 to enhance the adsorption capacity. This effect is a 

result of the MB characteristics, as well as the H-MO surface properties when submitted to 

solutions with different pH values. Figure 5(b) shows that the pHPZC of H-MO is 6.6. The value 

of pHPZC is an important property to understand the adsorption process, since when the solution 

is at a pH value above pHPZC, the functional groups of the adsorbent are deprotonated, resulting 
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in a negatively charged surface, and contributing to the favorable adsorption of the cationic 

adsorbates. MB has a pKa value of 2.6, so MB dye is in the cationic form at pH value greater 

than 2.6 (Sabnis, 2010). This effect enhances the electrostatic attraction between the negatively 

charged surface of H-MO and positively charged MB dye. Considering the results obtained for 

the pH effect and pHPZC, the maximum value of adsorption capacity on this study is reached at 

pH 9 (qe = 52.02 mg g-1), and this pH value was set for the other tests. 

 
Figure 5. Adsorption of MB on H-MO: a) pH effect (C0 = 50 mg L−1, 24°C, V = 50 mL, 

H-MO dosage = 1 g L−1, 1,200 min, 100 rpm) and b) point of zero charge (pHPZC) by the 

salt addition method with 0.1M NaNO3. 

3.4. Adsorption kinetics and modeling 

Adsorption kinetics were determined to evaluate the effect of contact time on MB dye 

adsorption on H-MO adsorbent. To better understand the MB dye adsorption process, the 

kinetic models of pseudo-first-order (Lagergren, 1898) and pseudo-second-order (Blanchard et 

al., 1984) were fitted to the experimental data using nonlinear method (Equations 4 and 5, 

respectively) and are represented in Figure 6.  

𝑞𝑡 =  𝑞𝑒(1 − 𝑒−𝑘1𝑡 )              (4) 

𝑞𝑡 =  
𝑞𝑒

2 𝑘2𝑡

1+ 𝑘2𝑞𝑒𝑡
               (5) 

Where qt is the amount of adsorbate uptake per mass of adsorbent at time t, qe is the amount 

of adsorbate uptake per mass of adsorbent at equilibrium, k1 is the rate constant of the pseudo-

first-order equation, and k2 is the rate constant of the pseudo-second-order equation. 

 
Figure 6. Kinetic curves for the adsorption of MB 

dye onto H-MO (C0 = 50 mg L−1, 24°C, V = 50 

mL, H-MO dosage = 1 g L−1, pH = 9.0, 100 rpm). 
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The adsorption kinetics presented in Figure 6 shows that H-MO adsorption capacity 

increases sharply at the beginning of the process, and it can be associated with the large number 

of active sites available. But the adsorption capacity reaches stability with a contact time of 240 

min (qe = 48.6 mg g-1). This stability of qe values indicates that equilibrium was achieved. This 

may be explained by the fact that almost all empty sites of the H-MO surface adsorbed the MB 

molecules available on the solution, making it difficult for new MB molecules to be adsorbed. 

Correlation coefficients and parameters of the kinetic models for MB dye adsorption on 

H-MO are presented in Table 1. The pseudo-second-order was better fitted to the experimental 

data, since the coefficient of determination (R2) value was higher (0.946); the chi-square (X2) 

value, related to the error, was lower (0.326); and the adsorption capacity calculated (48.4 mg 

g-1) strongly agreed with that obtained experimentally (48.6 mg g-1). This means it is likely that 

both external and intraparticle diffusion steps control the total kinetics of the adsorption process 

(Ho and McKay, 1999). The pseudo-second-order model is a good fit to the kinetics data for 

most adsorption processes involving dyes (Yagub et al., 2014). 

Table 1. Kinetic parameters of non-linear models for 

MB dye onto H-MO. 

Kinetic model Parameters Data 

Experimental qe (mg g-1) 48.6 

Pseudo-first-order 

qe (mg g-1) 47.8 

K1 (min-1) 0.375 

R2 0.775 

X2 1.368 

Pseudo-second-order 

qe (mg g-1) 48.4 

K2 (g mg-1min-1) 0.020 

R2 0.946 

X2 0.326 

 

3.5. Adsorption isotherms 

The adsorption isotherms were determined to better understand the interaction mechanisms 

between MB dye and the H-MO adsorbent. The isotherm models of Langmuir (Langmuir, 

1918) and Freundlich (Freundlich, 1906) were fitted to the experimental data using nonlinear 

methods (Equations 6 and 7, respectively) and are represented in Figure 7. 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
               (6) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛               (7) 

Where qe is the amount of adsorbate uptake at equilibrium, Ce is the equilibrium 

concentration of adsorbate, qmax is the maximum adsorption capacity, KL is adsorbent/adsorbate 

interaction constant, KF is Freundlich adsorption capacity constant, and 1/n is the Freundlich 

intensity parameter, which indicates the magnitude of the adsorption driving force or the surface 

heterogeneity. 
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Figure 7. Adsorption isotherm for the adsorption of MB dye 

onto H-MO (V = 50 mL, H-MO dosage = 1 g L
−1

, pH = 9.0, 240 

min, 100 rpm). 

The calculated parameters for such isotherms are shown in Table 2. 

Table 2. Parameters of non-linear equilibrium isotherms models representing equilibrium 

adsorption data for MB onto H-MO. 

  Temperature (°C) 

Isotherm model Parameters 24 34 44 

Langmuir 

qmax (mg g-1) 122.7 120.9 119.8 

KL (L mg-1) 0.17 0.15 0.08 

R2
 0.97 0.98 0.97 

X2 21.98 11.29 18.93 

Freundlich 

KF ((mg g-1) (mg L-1)-1/n) 20.01 17.35 11.96 

1/n 0.60 0.63 0.65 

R2 0.98 0.99 0.98 

X2 13.23 6.25 8.14 

The separation factor or equilibrium parameter RL is derived from the Langmuir model and 

can be calculated according to Equation 8 (Hall et al., 1966): 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
               (8) 

Where KL is the Langmuir equilibrium constant, and C0 is the initial adsorbate 

concentration. The calculated values of RL are in the range of 0.06 to 0.56 (24°C), 0.07 to 0.59 

(34°C), and 0.11 to 0.72 (44°C). 

According to Figure 7, the adsorption capacity of MB dye increased with increasing 

equilibrium concentration (Ce), with the adsorption isotherms showing a typical concave shape. 

In addition to that, 0 < RL < 1 and 0 < 1/n < 1 (Table 2). All these parameters indicate the 

adsorption is favorable for the studied temperatures (24°C, 34°C and 44°C). 

The correlation coefficients and parameters of the adsorption models for MB dye 

adsorption on H-MO presented in Table 2 indicate that both models were well adjusted for the 

adsorption processes in the studied temperatures, with a coefficient of determination R2 ranging 

from 0.97 to 0.99. However, the chi-square (𝜒2) values were lower from the Freundlich model 
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(6.25 to 13.23) when compared to Langmuir model (11.29 to 21.98) for the three temperatures 

studied, indicating that the Freundlich model was better fitted to the experimental data. The 

Freundlich model assumes the adsorbent surface energy is heterogeneous with the strongest 

binding sites being occupied first and the binding force decreasing with the increasing degree 

of site occupancy (Febrianto et al., 2009). A better suitability of the Freundlich model compared 

to the Langmuir model for the adsorption of MB dye was also reported by Tuli et al. (2020) 

using activated tea waste carbon, and by Khodaie et al. (2013) using activated corn husk carbon. 

From the temperature effect on the equilibrium curves shown in Figure 7 and Table 2, one 

may notice the temperature increase provided a little decrease in adsorption capacity (qmax), 

from 122.7 (24°C) to 119.8 mg g−1 (44°C). 

The adsorption capacity of various adsorbents is commonly compared by the parameter 

qmax. Table 3 shows the maximum adsorption capacity of different adsorbents used for MB dye 

removal. The value obtained for qmax in this study is higher than those of other adsorbents 

produced with agricultural wastes. M. oleifera seed husk is shown to be a good adsorbent for 

MB dye, although the result for qmax is quite lower than those obtained with activated carbon. 

However, the adsorbent used in this study does not require high temperatures during its 

processing or activation steps, meaning that this material has a lower operating cost than 

activated carbon. 

Table 3. Comparison of adsorption capacities of different adsorbents for MB dye removal. 

Adsorbent Activation 
T 

(°C) 

qmax 

(mg g-1) 
Reference 

M. oleifera seed husks Raw 24 122.7 This work 

Apple pomace Raw 25 107.6 Bonetto et al. (2021) 

Husk of Lathyrus sativus Raw 30 98.33 Gosh et al. (2021) 

Husk of Lathyrus sativus Phosphoric acid 30 113.25 Gosh et al. (2021) 

Husk of Lathyrus sativus Sulfuric acid 30 104.28 Gosh et al. (2021) 

E. grandis lignin Raw 25 31.97 Cemin et al. (2021) 

Tea waste KOH / 500°C 25 357.14 Tuli et al. (2020) 

Brazilian berry seeds (E. uniflora) Raw 55 189.6 Georgin et al. (2020) 

Sorghum husk Magnetic 30 30.04 Adeogun et al. (2019) 

 

3.6. Thermodynamic parameters 

Thermodynamic adsorption plays a key role in predicting viability, spontaneity, and 

adsorptive mechanisms (Tran et al., 2016). The thermodynamic parameters can be computed 

according to the laws of thermodynamics, using the following Equation 9: 

∆𝐺° =  −𝑅𝑇𝑙𝑛 𝐾𝐶                (9) 

The relationship between the three thermodynamic parameters, Gibbs energy (∆𝐺°), 

enthalpy (ΔH°), and entropy (ΔS°) is described by Equation 10: 

∆𝐺° =  𝛥𝐻° −  𝑇∆𝑆°            (10) 

By substituting Equation 9 in Equation 10, one can obtain Equation 11, known as van’t 

Hoff equation. 

𝑙𝑛 𝐾𝐶  =  −
∆𝐻°

𝑅𝑇
 + 

∆𝑆°

𝑅
            (11) 
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Where R is the universal constant (8.314 J mol-1 K-1) and T is the solution temperature (K). 

Enthalpy (ΔH°) and entropy (ΔS°) changes were determined from the slope and intercept, 

respectively, of a plot of lnKC versus 1/T (Equation 11). Gibbs energy change (ΔG°) was directly 

calculated from Equation 9.  

The dimensionless thermodynamic equilibrium constant KC in Equations 9 and 11 was 

calculated from the Freundlich adsorption isotherm constant KF, since this model was better 

fitted to the experimental data, through Equation 12 (Tran et al., 2016; Ghosal and Gupta, 

2015). 

𝐾𝐶 =  
𝐾𝐹𝜌

1000
 ( 

106

𝜌
)

(1−1/𝑛)

           (12) 

Where 𝜌 is the density of pure water (assumed as ~ 1 g mL-1) and 1/n is the Freundlich 

intensity parameter. 

The MB adsorption thermodynamic parameters onto H-MO are shown in Table 4. 

Evidence that suggests the appropriate application of the Freundlich constant KF in estimating 

the thermodynamic parameters is the high determination coefficient of the van’t Hoff equation 

(R2 = 0.991). A critical factor for determining the degree of spontaneity of the adsorption 

process is the Gibbs energy variation: the negative values of Gibbs energy (ΔG°) shown in 

Table 4 denote that the adsorption is energetically favorable; in other words, the process tends 

to be spontaneous. In addition, the decreasing of the magnitude of ΔG° with temperature means 

the process tends to a less thermodynamically favorable process at higher temperatures, which 

can be confirmed by the enthalpy value. Similar results were found for the adsorption of MB 

by apple pomace (Bonetto et al., 2021). 

Table 4. Thermodynamic parameters for adsorption of MB dye onto H-MO. 

T (°C) KC ∆G° (kJ mol-1) ∆H° (kJ mol-1) ∆S° (J mol-1 K-1) van’t Hoff equation 

24 4.82 -3.88 

-45.80 -140.81 
Y=5,508x-16.94 

R2 = 0.991 
34 2.90 -2.72 

44 1.49 -1.06 

The negative value of the enthalpy parameter (ΔH°) shown in Table 4 indicates the 

adsorption process is exothermic, which means the decrease in temperature results in an 

increase in adsorption capacity (qe) (Table 2) and in the equilibrium constant (KC) (Table 4). 

Furthermore, the type of interaction can be assigned, to a certain extent, by the magnitude of 

enthalpy change. Physisorption, such as van der Waals interactions, is usually lower than 20 kJ 

mol-1. Electrostatic interaction ranges from 20–80 kJ mol-1 and they are also frequently 

classified as physisorption, while a value in the range of 80–450 kJ mol-1 indicates a 

chemisorption (Alencar et al., 2012; Ghosh et al., 2021). Therefore, the typical physisorption 

enthalpy value for this study (ΔH° = -45.8 kJ mol-1) may be related to the sum of different 

molecular interactions, such as hydrogen bonding and electrostatic interactions between active 

sites on the adsorbent and the cationic dye. An exothermic adsorption process was also reported 

elsewhere (Ghosh et al., 2021). Finally, the negative sign in entropy (ΔS°) indicates the 

organization of the adsorbate at the solid/solution interface during the adsorption process 

becomes less random, also implying the adsorption phenomenon involves an associative 

mechanism. 
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3.7. Adsorption mechanism 

Figure 8 shows the proposed interaction between the MB and the H-MO. Based on the 

dataset discussed in this study, one could show that MB dye removal by H-MO occurs mainly 

due to electrostatic interactions, which is evidenced by the adsorption capacity enhancement in 

pH values above pHPZC. Similar conclusions were reported by other authors who investigated 

the adsorption of MB by agricultural wastes (Bonetto et al., 2021; Ghosh et al., 2021). 

Additionally, the value found for ΔH° (-45.8 kJ mol-1) reinforces that these interactions are in 

the range of electrostatic interaction, also classified as physisorption, with no sharing or 

exchange of electrons. 

 
Figure 8. Proposed interaction for MB dye and H-MO 

adsorption system. 

Moreover, H-MO composition presents several oxygenated functional groups, as presented 

by crystalline cellulose shown in XRD pattern (Figure 3(a)), and by O-H, C=O, N-H and C-O 

groups by FTIR spectrum (Figure 3(b)), which can also interact with MB molecules through 

dipole-dipole hydrogen bonds (Tran et al. 2017). The incidence of aromatic rings, both in the 

chemical structure of H-MO (cellulose) and in MB dye molecules, can also favor π- π 

interactions, contributing to the adsorption process (Cemin et al., 2021). 

4. CONCLUSIONS 

This study evaluated the adsorption capacity of methylene blue (MB) dye using Moringa 

oleifera seed husks (H-MO). The kinetic model that showed the best fit was the pseudo-second-

order model, and the isotherm that presented the best fit was a Freundlich model, indicating a 

favorable adsorption process (1/n from 0.60 to 0.63) with a maximum adsorption capacity of 

MB by H-MO of 122.7 mg g-1 at 24°C, higher than some recently published studies in the 

literature. The thermodynamic data indicated that the adsorption process is spontaneous (ΔG° 

from −3.88 to −1.06 kJ mol−1) and exothermic (ΔH° of -45.80 KJ mol−1), showing that lower 

temperatures favor MB adsorption by H-MO and that adsorption is controlled by physical 

forces. The disadvantage of the adsorbent preparation method of presenting low surface area 

(3.24 m2 g-1) and total pore volume (0.010 cm3 g-1) were expected, as the seed husks have not 

been previously activated, but were compensated by the electrostatic attraction at pH values 

above 6.6 (pHPZC) and by dipole-dipole hydrogen bonds and π-π interactions due to its surface 

composition, at any pH, resulting in a favorable adsorption process. Thus, from the results 

obtained, one can conclude that H-MO has promise for use in the adsorption process to remove 

MB in aqueous solution. Considering that seed husks are an agricultural waste, their use as 
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adsorbents of agricultural waste is a promising and low-cost option, which can also minimize 

the environmental impacts of their improper disposal. 
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ABSTRACT  
Litter dynamics is one of the fundamental processes for the growth and maintenance of 

native forest fragments, being considered the main pathway for nutrient cycling in forests. 

Studies on litter production and nutrient content therefore provide insights that provide a better 

understanding of nutrient dynamics. This study identifies the seasonality and meteorological 

conditions that influence the quantity and return of nutrients through litter in an Atlantic Forest 

fragment. Litter sampling was carried out monthly in 12 permanent plots. Each plot contained 

5 littertraps distributed systematically. The litter was classified, and the dry mass and nutrients 

in the leaves and branches and miscellaneous fractions was quantified. Seasonal behavior was 

observed, with the highest depositions in the winter season. The average annual production was 

6.78 Mg ha-1, with 64.9% being composed of leaves. The mean annual nutrient intake was 

135.1, 115.7, 39.7, 23.5, 17.6 and 4.6 kg ha-1 for Ca, N, K, Mg, S and P, respectively. The 

meteorological variable precipitation influenced the deposition pattern. The increase in 

nutrient-use efficiency in the second year compared to the first indicates that plants strategically 

may be re-translocating relative amounts of their nutrients under water stress conditions. 

Keywords: ecosystem functions, nutrient cycling, secondary succession. 

Sazonalidade da deposição de serapilheira e nutrientes em um 

fragmento de Floresta Atlântica 

RESUMO 
A dinâmica de serapilheira é um dos processos fundamentais para o crescimento e 

manutenção de fragmentos florestais nativos, sendo considerada a principal via da ciclagem de 
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nutrientes em florestas. Dessa forma, estudos sobre produção de serapilheira e conteúdo de 

nutrientes fornecem subsídios que proporcionam um melhor entendimento da dinâmica dos 

nutrientes. O objetivo do estudo foi identificar a sazonalidade e as condições meteorológicas 

que influenciam na quantifidade e no retorno de nutrientes através da serapilheira em um 

fragmento de Floresta Atlântica. A amostragem de serapilheira foi realizada mensalmente em 

12 parcelas permanentes. Cada parcela continha 5 coletores distribuídos sistematicamente. A 

serapilheira foi classificada, quantificada a massa seca e nutrientes nas frações folhas e galhos 

+ miscelânea. Foi constatado comportamento sazonal com as maiores deposições na estação do 

inverno. A produção média anual foi de 6,78 Mg ha-1, sendo 64,9% composta por folhas. A 

entrada média de nutrientes anual foi de 135.1, 115.7, 39.7, 23.5, 17.6 e 4.6 kg ha-1 para Ca, N, 

K, Mg, S e P respectivamente. A variável meteorológica precipitação apresentou influencia no 

padrão de deposição. O aumento na eficiência do uso de nutrientes no segundo ano em 

comparação com o primeiro indica que as plantas estrategicamente podem estar retranslocando 

quantidades relativas de seus nutrientes sob condições de estresse hídrico. 

Palavras-chave: ciclagem dos nutrientes, indicadores ecológicos, sucessão secundária. 

1. INTRODUCTION 

The continued exploitation of natural resources is responsible for forest fragmentation and 

consequent loss of biodiversity (Fahrig, 2003). Both the fragmentation of forest remnants and 

the decrease in biodiversity result in a reduction in carbon stock and nutrient cycling capacity 

(Bello et al., 2015; Wolf et al., 2013). The Atlantic Forest biome is a biodiversity hotspot 

(Strassburg et al., 2020); however, it has been the most affected in recent decades, with only 

12.4% of the 131 million hectares of native forest remaining. The state of Espírito Santo is fully 

inserted in this biome; however, only 10.5% of the original area remains (SOS Mata Atlântica, 

2020). The forest cover in the south of the state is formed by small fragments of Seasonal 

Semideciduous Forest, due to a series of anthropogenic disturbances (Godinho et al., 2013). 

The assessment of nutrient cycling is an indicator for the degree of sustainability of 

ecosystems (Haag, 1985; Balieiro et al., 2004). Nutrient cycling is the process in which the 

nutrients adsorbed by plants return to the soil through the input and decomposition of plant 

tissues, where they will be mineralized and made available again to plants (Odum, 1988). This 

process is of great importance for natural systems, especially in tropical areas, where the soils 

are highly weathered (Laliberte et al., 2013).  

The organic material constituted by leaves, branches, bark and plant reproductive material, 

which is deposited in the soil via vegetation, is called “litter” (Kramer and Kozlowski, 1960; 

Fassebender, 1993). Assessment of litter seasonality and nutrient content for two years or more 

can provide a better understanding of nutrient dynamics across the biogeochemical cycle. This 

information supports the choice of the most suitable species for the formation and enrichment 

of the fragments (Caldeira et al., 2008). In addition, monitoring of litterfall has been shown to 

be a good proxy for estimates of net primary production (NPP) in tropical forests on annual or 

multiannual scales (Malhi et al., 2011) and the capacity to respond to external disturbances 

(Oliveira and Lacerda, 1999).  

Determining a reference ecosystem is important for defining strategies for monitoring 

restoration programs (Martins et al., 2012). Investigating the nutrient return through litterfall 

represents an important indicator for soil fertility in areas in early stages or secondary 

successions (Martins, 2016; Sanchez and Alvarez-Sanchez, 1995). 

Leaves, in quantity and nutrients, are the main litter component for most terrestrial 

ecosystems (Berg and Laskowski, 2005). The percentages, according to the review carried out 

by Zhang et al. (2014), range from 64 to 73% of this component among different forest 
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formations in the world. Leaf litter responds to changing weather conditions (Chave et al., 2010; 

Wagner et al., 2016). In tropical forests, it is observed that long periods with low precipitation 

promote a reduction in soil moisture and, consequently, an increase in xylem tension. These 

factors promote stomata closure (Nepstad et al., 2002). Associated with low water availability, 

lower temperatures are similarly responsible for litter peaks (Lawrence, 2005; Wang et al., 

2021). 

Based on these reasons, monitoring litter composition and its nutrients is essential for forest 

fragment restoration strategies. Considering that meteorological variables influence litter 

seasonality, this study evaluated the deposition and input of nutrients over two years. 

2. MATERIALS AND METHODS 

2.1. Characterization of the experimental area 

The study area was located in (RPPN) Private Natural Heritage Reserve Fazenda Boa 

Esperança (IBAMA, 1998) The RPPN is located in the municipality of Cachoeiro de 

Itapemirim, southern Espírito Santo, at coordinates UTM/SIRGAS2000 268275.48 E and 

7707754.70 S (Figure 1). The RPPN has a total area of 517 ha, comprising four forest 

fragments. The present study, inserted in the Itapemirim River Watershed, was carried out in a 

forest fragment with an area of 358.86 ha, belonging to the Burarama – Pacotuba – Cafundó 

ecological corridor. The average altitude of the 12 plots was 110 m, ranging from 91 m to 160 

m. The average slope was 6.7%, ranging from 1% to 25%. 

 
Figure 1. Location of the experiment and plots in the RPPN in an Atlantic Forest fragment 

in southeastern Brazil. 
Source: Delarmelina (2015), adapted by the author. 

The vegetation in the present study area is classified as Submontane Seasonal 

Semideciduous Forest (IBGE, 2012). In a study on the structure of the arboreal component of 

the area, Archanjo et al. (2012) observed high richness of late secondary species (58%), low 

density of early succession groups (26%) and pioneers (0.2%), indicating that it is a well-
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preserved forest fragment with an advanced stage of succession. The density verified was 1823 

plants ha-1, with 258 species and 54 families. The five largest families represent 43% of all 

species (Fabaceae, Myrtaceae, Euphorbiaceae, Sapotaceae and Rubiaceae). The most common 

species are: Astronium concinnum, Pseudopiptadenia contorta, Neoraputia alba, Astronium 

graveolens and Gallesia integrifólia (Delarmelina 2015). 

The climate of the region, according to the classification of Köppen, is of the Aw type 

(tropical with a dry season in winter) (Alvares et al., 2014), with an average temperature of the 

minimum of the coldest month of 11.8ºC, and the average of the highs of the hottest month of 

34ºC (Pezzopane et al., 2012). According to rainfall characterization maps of Espírito Santo, 

the annual rainfall in the study area is between 1200 and 1300 mm (INCAPER, 2017). 

Precipitation data, for the study period and for the historical series (1987 - 2016), were 

obtained from the National Water Agency (ANA) station (02041002), located in the 

municipality of Castelo - ES, approximately 12 km away from the study area. The temperature 

data are from the automatic surface meteorological station of the National Institute of 

Meteorology (INMET) (Alegre-A617), located in the municipality of Alegre – ES, 

approximately 26 km from the studied area. The history of monthly averages for this variable 

was obtained with data from the same station, for the period of 2006 to 2016, Figure 2. 

 
Figure 2. Climatic diagram during the research period and average of the historical series (1987 - 2016) 

obtained by an automatic station (ANA) located 12 km away. 

The study area has soils of the Planosol, Cambisol and Ferrasol types. To determine the 

attributes of the soil, the samples were chipped, dried in the shade and sieved (2 mm of mesh), 

obtaining the fine air-dried soil (TFSA). Later, they were used to determine physical and 

chemical attributes, according to Embrapa (2011). The sandy textural class was observed in 

Planosol and Cambisol, while the more clayey texture was observed in Ferrasol. Soil pH ranged 

from 3.3 to 6.07 and higher acidity was found in Ferrasol type. The contents of K, Ca2+ and 

Mg2+, as well as SB and a t were higher in the superficial horizons of the Cambisol and Ferrasol 

profiles. In general, the soils in the region of the Planosol and Cambisol profiles were more 

fertile than the soil in the region of the Ferrasol profile, as verified by the higher values of P, 

SB and V. 

2.2. Litterfall 

The monitoring of litter deposition was carried out monthly from April 2014 to March 
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2016. For this, 12 permanent plots with dimensions of 20 m x 50 m were demarcated, Figure 1, 

totaling an area of 12000 m². The plots were systematically distributed in the area, 350 meters 

away from each other. 

For the collection of litter, a total of 60 litter traps were installed systematically, 5 littertraps 

in each plot, with a collector near each vertex and one in the center of the plot. The collectors 

were made in a square format, with PVC material and 2 mm nylon mesh, having 0.75 m on 

each side (area of 0.5625 m²) and 1 m high from the ground (Scoriza et al., 2012; Castro, 2014). 

After collection, the litter was classified into the leaf fractions and the twigs + 

miscellaneous fractions, represented by twigs with a diameter less than 2 cm, bark, reproductive 

material and other plant material whose identification was not possible. After classification, the 

samples were stored in paper bags and dried in an air-circulation oven at 65°C. When they 

reached constant weight, the material was weighed on an analytical balance (0.001 g) to obtain 

the dry mass. With the dry mass data, the fractions and the total litter deposited per unit area 

(kg ha-1) were calculated. The samples of each monthly fraction were homogenized to obtain 

three representative monthly samples of each fraction. They were shredded in a Willey-type 

mill with a 1-mm mesh (20 mesh) sieve. Subsequently, they were sent for chemical analysis of 

the plant material. 

2.3. Chemical analysis 

The chemical analyses of the macronutrient (N, P, K, Ca, Mg and S) concentrations of the 

litter were carried out at FULLIN – Laboratory for Agronomic, Environmental Analysis and 

Preparation of Chemical Solutions. Nitrogen was extracted by sulfuric digestion and 

determined in a Kjeldahl distiller, while the other nutrients were extracted by nitro perchloric 

digestion, with phosphorus and sulfur being determined by optical spectrophotometry, and 

potassium, calcium and magnesium determined by atomic absorption spectrophotometry 

(Tedesco et al., 1995). 

The values of nutrient utilization efficiency (NUE) were obtained according to a 

calculation proposed by Vitousek (1982) (Equation 1) using the relationship between the 

amount of dry biomass of each component and the amount of nutrients stored in the respective 

biomass.  

 NUE =
𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 (𝑘𝑔 ℎ𝑎−1)

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 (𝑘𝑔 ℎ𝑎−1)
                        (1) 

The amount of macronutrients (kg ha-1 month-1) of the litter was obtained by multiplying 

the dry mass (kg ha-1 month-1) by the nutrient concentration (g kg-1), according to Equation 2 

(Cuevas and Medina, 1986). 

AN =  [Nutrient] x DM             (2) 

Where: 

AN = Amount of nutrients (kg ha-1 monthly-1); 

[Nutrient] = Nutrient concentration (g kg-1); 

DM = Dry mass (kg ha-1 mês-1). 

2.4. Statistics and Data Analysis 

Data analysis was performed using the R software (R CORE TEAM, 2016). For the amount 

of litter, the 12 plots represented the repetitions while the seasons were the treatments: summer 

(January, February and March), autumn (April, May and June), winter (July, August, and 

September) and spring (October, November, and December). A statistically significant 

difference was verified by applying the ANOVA Test (p-value ≤ 0.05). 
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The analysis of the influence of meteorological variables on litterfall was verified through 

Spearman's correlation between the amounts of litterfall dry mass and the meteorological 

elements (air temperature, precipitation and evapotranspiration) for the period of this study. 

3. RESULTS AND DISCUSSION 

3.1. Amount of litter 

Litter deposition over 2 years was 8806 kg ha-1 or 4403 kg ha-1 year-1. The leaf component 

represented 64.9% of the total, while twigs + miscellaneous accounted for 35.1% Figure 3.  

 
Figure 3. Seasonal litter falls over two years in different components in an Atlantic Forest 

fragment located in southeastern Brazil. 

Different letters between seasons for the same fraction represent a statistical difference (p < 

0.05). Bars: Confidence Interval (95%). 

When analyzing the deposition over the seasons, it is observed that the two winter seasons 

represented the largest contributions, being that the winter of 2014 differed statistically from 

the autumn of 2014 and 2015, in addition to the summer of 2016 for the total litter fall. The leaf 

fraction is responsible for the variation in the total litter contribution between the seasons of the 

year, since this fraction had, in all seasons, a greater mass contribution than the twigs + 

miscellaneous fractions. 

Referring to litterfall composition, it is observed that there was important variation along 

the seasons. It is also observed that in the spring 2014 and 2015 and summer 2016 seasons, the 

leaf component represented 60% or less of the total litter fall. These seasons recorded rainfall 

of around 300 mm.  

During the winter seasons, there was an increase in the leaf fraction, representing 69 and 

73% of the total litterfall. The explanation for the result can be attributed to the decrease in 

precipitation during the winter, less than 100 mm. Through the Spearman correlation between 

meteorological variables and litter components, it is possible to conclude that these 

environmental variables influence the litter deposition pattern throughout the seasons. 

Spearman's statistics showed that there was a significant correlation between litterfall and the 

accumulated precipitation of 3, 4 and 5 months. The leaf fraction responded better to 

precipitation while twigs + miscellaneous did not show significance. 

The correlation analysis was significant for the first year only for accumulated rainfall in 

the months preceding the collection. The correlation was inversely proportional and occurs for 
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the two fractions and for the litter total. 

The annual contribution of litterfall varies depending on the interaction of biotic and 

abiotic factors in each ecosystem (Delarmelina, 2015). This author observed that the greatest 

litterfall coincides with the end of the dry period, a fact also observed by Pinto et al. (2008), 

Godinho et al. (2013), and reaffirmed in this study. 

In a transitional region between the Amazonian biome and the Cerrado, in the municipality 

of Nova Xavantina MT, Peixoto et al. (2018) found a significant negative correlation between 

rainfall and litterfall. The authors evaluated rainfall in two different years and observed that the 

year with the lowest rainfall provided a significant increase. 

Compared with previous studies (Godinho et al., 2013; Delarmelina, 2015), there is a 

reduction in the total amount of litter in the order of 38%. In the first year of monitoring, 

9268.54 kg ha-1 of litter was quantified and only 5741.44 kg ha-1 in the second year. This 

variation in litter input is expected within the same forest formation, as there is variation in the 

conditions of each site (Pezzato et al., 2006; Pinto et al., 2008; Pimenta et al., 2011). However, 

this reduction occurred at the same site and must be associated with environmental disturbances 

that have occurred over time (Sato et al., 2010). Precipitation may be the main cause of variation 

in the input. During the study by Godinho et al. (2013), the accumulated rainfall in the year was 

1267 mm, while in this study it was 771 mm and 940 mm in the first and second year, 

representing reductions of 39.1% and 25.8%, respectively. 

In the studies by Godinho et al. (2013) and Delarmelina (2015), no significant correlation 

was observed between litter input and the climatic elements’ temperature and precipitation. 

However, according to Arato et al. (2003), there is a delay in the response of vegetation to 

climatic elements and water stress, indicating that litter deposition does not have an immediate 

cause/effect relationship with precipitation. This delay in the response of litter input was found 

by Scoriza and Piña-Rodrigues (2014), who observed a significant correlation between the total 

input and the rainfall that occurred in the months before collection, in a fragment of 

Semideciduous Seasonal Forest. Thus, the correlation between the litter input and the 

accumulated precipitation in periods before the litter input allows us to infer that this correlation 

also occurs over the years according to the annual water regime. 

The correlation of total litter with precipitation was also evidenced for leaves. Since this is 

the most representative fraction (Schumacher et al., 2011), its contribution pattern should be 

associated with the pattern of total litter, a fact observed in this study and in other works 

(Vendrami et al., 2012; Scoriza and Piña -Rodrigues, 2014). In a work carried out by Godinho 

et al. (2013), the authors observed a high correlation between the contribution of the leaf 

fraction and the total litter input, demonstrating the possibility of using this fraction as an 

indicator of litter production in forest ecosystems. 

The variation in the amount of twigs + miscellaneous fractions between years is attributed 

to twigs because miscellaneous has low representation in the total litter input (Delarmelina, 

2015). According to Pinto et al. (2008), the deposition of the twig fractions may occur in 

response to biotic factors, with a delayed effect over time, generating a deposition pattern 

marked by temporal heterogeneity. 

3.2. Chemical composition of litterfall  

As shown in Figure 4, some nutrients showed statistically significant differences in 

concentrations over the seasons. In general, the winter seasons registered lower concentrations 

of nutrients. The statistical difference was significant in potassium, calcium and magnesium. A 

possible explanation for this fact is associated with the long period with rainfall around 31.8% 

below the historical average. This may be developing hydric stress to the vegetation and, 

consequently, less translocation of photoassimilates, thus requiring their translocation from 

mature plant tissues to younger tissues. 
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According to McCree and Fernández (1989) and Taiz and Zeiger (1991), the response of 

plants to water deficit consists of decreasing leaf area production, closing the stomata, 

increasing leaf senescence and abscission. Water deficit increases leaf senescence (Wright et 

al., 1983), because dry soil cannot provide necessary nitrogen to supply crop growth. Therefore, 

the nitrogen from the interior of the plant is translocated from the more mature leaves to the 

growing tissues. 

 
Figure 4. Seasonality of nutrient concentration in leaves and twigs + miscellaneous 

fractions, in an Atlantic forest fragment over two years. 

Different letters between seasons represent a statistical difference (p < 0.05). 
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The macronutrient content in litterfall over the two years shows that the seasons with the 

highest nutrient input coincide with the seasons with the highest litter amounts, Figure 5. 

Following this pattern, the nutrient inputs from the first 4 seasons provided the highest amounts 

of all macronutrients when compared to the subsequent 4 seasons. A total of 403 kg ha-1 of 

macronutrients were input in the first 4 seasons against only 269 kg ha-1 in the 4 subsequent 

seasons. This provides a difference of 133.82 kg ha-1, or 33.2% of the second period compared 

to the first. The order of macronutrient content of the litter input was Ca > N > K > Mg > S > 

P, for the two years. 

 
Figure 5. Annual and seasonal nutrients in litter fall over two years in an Atlantic Forest 

fragment located in southeastern Brazil. 

Different letters between seasons for the same nutrient represent a statistical difference                            

(p < 0.05).  

The monthly contribution of macronutrients via the leaf fraction had a pattern of variation 

similar to that provided by the total of the two fractions. The total content of macronutrients in 

the leaf fraction was 288.08 and 185.54 kg ha-1; that is, a reduction of 35.6% for year 1 and year 

2, respectively. In this fraction, the order of macronutrient content contributed via litter was the 

same as the total for year 1 (Ca > N > K > Mg > S > P), inverting Ca with N for year 2 (N > Ca 

> K > Mg > S > P). 

In general, the leaf fractions presented a greater contribution to nutrient cycling, in relation 

to the twigs + miscellaneous fractions. The leaf fractions contributed 71.5 and 68.9% (year 1 

and year 2) of the total macronutrient input. 

The greatest contributions of macronutrients from the twigs + miscellaneous fractions were 

observed in the seasons with the greatest contribution of mass of these fractions. The respective 

fractions registered a reduction of 115 kg ha-1 to 83.7 kg ha-1 from year 1 to year 2. This 

represents a decrease of 27.2%. The order of macronutrient content in these fractions in the two 

years was the same as observed in the total input (Ca > N > K > Mg > S > P). 

The fluctuation in the amount of litter influenced the contribution of macronutrients 

between seasons and years of study. This variation was also observed by Godinho et al. (2013) 

and by Delarmelina (2015), who found a greater input of nutrients in the months with the 

1
7

,0
A

B

4
7

,8
A

3
4

,5
A

B

2
8

,8
A

B

1
2

,3
B

4
3

,4
A

B

2
9

,8
A

B

1
7

,8
A

B

0
,7

B

2
,1

A

1
,5

A
B

1
,1

A
B

0
,5

B

1
,6

A
B

1
,1

A
B

0
,6

B

8
,6

B

2
3

,4
A

1
3

,4
A

B

9
,1

B

3
,8

B

1
2

,5
A

B

5
,1

B

3
,5

B

2
0

,6
B

6
7

,3
A

4
5
,3

A
B

3
2

,5
A

B

1
4

,9
B

5
1
,1

A
B

2
6

,2
A

B

1
2

,3
B

3
,9

B
C

1
2

,3
A

7
,4

A
B

C

5
,3

A
B

C

2
,5

B
C

9
,6

A
B

3
,9

B
C

2
,1

C

2
,8

B

8
,2

A

5
,7

A
B

3
,7

A
B

1
,7

B 6
,3

A
B

4
,3

A
B

2
,4

B

0

10

20

30

40

50

60

70

80

Autumn Winter Spring Summer Autumn Winter Spring Summer

2014 2015 2016

N
u

tr
ie

n
ts

 (
k
g
 h

a-1
)

N

P

K

Ca

Mg

S

115,7

4,6

39,7

135,1

23,5 17,6

0

30

60

90

120

150

N P K Ca Mg S

(k
g

 h
a

-1
 y

e
a
r-1

) Total of Nutrients

70%

30%

Leaf Twigs + Miscellaneous

(%) of nutrients in litterfall



 

 

Rev. Ambient. Água vol. 17 n. 1, e2775 - Taubaté 2022 

 

10 Diêgo Gomes Júnior et al. 

highest litter input, coinciding with the period with the highest leaf input, the fraction 

responsible for the largest amount of input nutrients. Comparing the results of these authors 

with the present study, it is possible to see that both the supply of nutrients and litter decreased 

over time. 

In a tropical rainforest located in Central America, Panama, Sayer et al. (2020) found 

nutrient returns by litterfall of 191, 6.3, 59.5, 207 and 46.5 kg ha-1 of N, P, K Ca and Mg, 

respectively. These quantities are higher than the values of the present study and can be 

explained by the stage of maturity of the forest, the type of denser forest formation and the more 

favorable climatic conditions. When compared with studies carried out in other tropical forests 

(Vital et al., 2004; Pinto et al., 2008), and with studies in the same area (Godinho et al., 2013; 

Delarmelina, 2015), it is possible to see that the contribution of N, P and Ca were lower in the 

two years, while K and Mg in year 1 were within the range of the studies cited, being below for 

year 2. 

The greater amount of Ca in the litter input, when compared to the other macronutrients, it 

is due to the fact that it is a structural and non-soluble element, having low translocation 

capacity from mature to younger tissues (König et al., 2002; Schreeg et al., 2013). The low 

return of P is a reflection of the low natural fertility of tropical soils, such as the soil in the 

present study, and because this is a nutrient that has high redistribution in plant tissues. This is 

an adaptation of forest species in low fertility soils (Espig et al., 2009). 

3.3. Nutrient Use Efficiency 

The order of efficiency in the use of macronutrients according to the average of the years 

was: P > S > Mg > K > N > Ca, Table 1. The efficiency in the use of macronutrients P, K, Ca 

and Mg increased from year 1 to year 2 in both fractions and the total amount of litter deposited. 

Contrary to these, the efficiency in the use of N decreased from the first to the second year, 

while the S had an increase for the leaves and total fraction, and a reduction for the twigs + 

miscellaneous fraction. 

Table 1. Use efficiency of macronutrients by leaf fractions, twigs and 

miscellaneous. 

Fraction Year N P K Ca Mg S 

Leaf  56 1393 127 44 224 335 

Twig + miscellaneous 1 73 1535 192 54 447 520 

Total  61 1439 144 47 271 382 

Leaf  52 1493 204 53 266 354 

Twig + miscellaneous 2 63 1515 301 60 481 482 

Total  56 1501 230 55 316 391 

Leaf  54 1443 166 49 245 345 

Twig + miscellaneous Average 68 1525 247 57 464 501 

Total  59 1470 187 51 294 387 

Year 1 = 2014-2015; Year 2 = 2015-2016. 

The increase observed in the efficiency of nutrient use from year 1 to year 2, except for N, 

indicates that species are making savings in their use, indicating the possibility of restriction in 

the primary production of the environment (Vitousek, 1982). Considering the work of Godinho 
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et al. (2013) as one extreme, and year 2 of the present study as the other extreme, there was an 

increase in nutrient use efficiency for N, P, K and Ca, and a reduction for Mg and S. This 

variation between different years can be compared with the decrease in the availability of these 

nutrients in the soil, as well as with the mortality and emergence of new individuals and species 

(Jacobson et al., 2011; Bündchen et al., 2013). According to these authors, forest species, due 

to their interspecific variation in nutrient content, are used differently, even in an environment 

with similar nutritional availability. 

The high efficiency in the use of P is related to its low availability in tropical soils, which 

indicates it as a limiting element in plant growth (Rebeille et al., 1984; Laliberte et al., 2013). 

The low efficiency in the use of N and Ca is associated with the high concentrations of these 

macronutrients in plant tissues. N is mainly present in leaves, where it is present in chloroplasts 

as a constituent of the chlorophyll molecule, associated with efficiency in the use of 

photosynthetically active radiation (Hirose and Bazzaz, 1998). 

4. CONCLUSION 

Litterfall in an Atlantic Forest fragment showed seasonal behavior with an average annual 

production of 6.78 Mg ha-1. Although the leaf fraction represents 64.9% of the dry mass, it was 

responsible for 70.4% of the nutrients for the forest soil.  

The variation in litter deposition occurs in response to the rainfall regime, mainly due to 

the accumulation over time, due to the non-immediate responses of the vegetation. This 

variation was determined by the leaf fractions, which constitute most of the plant material. 

The increase in NUE nutrient-use efficiency in the second year compared to the first 

indicates that strategically plants may be translocating relative amounts of their nutrients under 

conditions of reduced rainfall. The two years with rainfall below the historical average must 

have caused less water availability in the soil for plant absorption; as a consequence, there is a 

reduction in the production of photoassimilates and nutrient transport by the xylem. 

5. ACKNOWLEDGEMENTS 

This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de 

Nível Superior – Brasil (CAPES) – Finance Code 001. 

6. DATA AVAILABILITY STATEMENT  

The data that support the findings of this study are available on request from the 

corresponding author. The data are not publicly available due to privacy or ethical restrictions.  

7. REFERENCES 

ALVARES, C. A. et al. Köppen’s climate classification map for Brazil. Meteorologische 

Zeitschrift, v. 22, n. 6, p. 711-728, 2014. https://doi.org/10.1127/0941-2948/2013/0507  

ARCHANJO, K. M. P. A.; SILVA, G. F.; CHICHORRO, J. F.; SOARES, C. P. B. Estrutura 

do componente arbóreo da Reserva Particular do Patrimônio Natural Cafundó, Cachoeiro 

de Itapemirim, Espírito Santo, Brasil. Floresta, v. 42, n. 1, p. 145-160, 2012. 

ARATO, H. D.; MARTINS, S. V.; FERRARI, S. H. S. Produção e decomposição da 

serrapilheira em um sistema agroflorestal implantado para recuperação de área degradada 

em Viçosa - MG. Revista Árvore, v. 27, n. 5, p. 715-721, 2003. 

https://doi.org/10.1127/0941-2948/2013/0507


 

 

Rev. Ambient. Água vol. 17 n. 1, e2775 - Taubaté 2022 

 

12 Diêgo Gomes Júnior et al. 

BALIEIRO, F. C.; FRANCO, A. A.; PEREIRA, M. G.; CAMPELLO, E. F. C.; DIAS, L. E.; 

FARIA, S. M. et al. Dinâmica de serapilheira e transferência de nitrogênio ao solo em 

plantios de Pseudosamanea guachapele and Eucalyptus grandis. Pesquisa 

Agropecuária Brasileira, v. 39, n. 6, p. 597-601, 2004. 

BELLO, C.; GALETTI, M.; PIZO, M. A.; MAGNAGO, L. F. S.; ROCHA, M. F.; LIMA, R. 

A. F. et al. Defaunation affects carbon storage in tropical forests. Science Advances, v. 

1, n. 11, 2015. https://doi.org/10.1126/sciadv.1501105  

BERG, B.; LASKOWSKI, R. Litter fall. In: BERG, B.; LASKOWSKI, R. Litter 

Decomposition: A Guide to Carbon and Nutrient Turnover. London: Elsevier Academic 

Press, 2005. https://doi.org/10.1016/ S0065-2504(05)38002-0  

BÜNDCHEN, M.; BOEGER, M. R. T.; REISSMANN, C. B.; SILVA, S. L. C. da. Status 

Nutricional e eficiência no uso de nutrientes em espécies arbóreas da floresta subtropical 

no sul do Brasil. Scientia Forestalis, v. 41, n. 98, p. 227-236, 2013. 

CALDEIRA, M. V. W.; VITORINO, M. D.; SCHAADT, S. S.; MORAES, E.; BALBINOT, 

R. Quantificação de serapilheira e de nutrientes em uma Floresta Ombrófila Densa. 

Semina: Ciências Agrárias, v. 29, n. 1, p. 53-68, 2008.  

CASTRO, K. C. Serapilheira e estoque de carbono ao longo de um gradiente altitudinal 

na Floresta Ombrófila Densa, no Parque Nacional do Caparaó, ES. 2014. 99 f. 

Dissertação (Mestrado em Ciências Florestais) – Universidade Federal do Espírito Santo, 

Jerônimo Monteiro, 2014. 

CHAVE, J.; NAVARRETE, D.; ALMEIDA, S.; ALVAREZ, E.; ARAGAO, L.; BONAL, D. 

et al. Regional and seasonal patterns of litterfall in tropical South America. 

Biogeosciences, v. 7, p. 43–55, 2010. https://doi.org/10.5194/ bg-7-43-2010  

CUEVAS, E.; MEDINA, E. Nutrient dynamics within Amazonian Forest ecosystems. 

Oecologia, v. 68, p. 466-472, 1986. 

DELARMELINA, W. M. Fertilidade, estoque de carbono orgânico do solo e serapilheira 

em uma Floresta Estacional Semidecidual Submontana. 2015. 123 f. Dissertação 

(Mestrado em Ciências Florestais) - Universidade Federal do Espírito Santo, Jerônimo 

Monteiro, 2015. 

EMBRAPA. Manual de métodos de análise de solos. 2. ed. Rio de Janeiro: Embrapa Solos, 

2011. 

ESPIG, S. A.; FREIRE, F. J.; MARANGON, L. C.; FERREIRA, R. L. C.; FREIRE, M. B. G. 

S.; ESPIG, D. B. Sazonalidade, composição e aporte de nutrientes da serapilheira em 

fragmento de Mata Atlântica. Revista Árvore, v. 33, n. 5, p. 949-956, 2009. 

FAHRIG. L. Effects of habitat fragmentation on biodiversity. Annual Review of Ecology, 

Evolution and Systematics, v. 34, p. 487–515. 2003. 

https://doi.org/10.1146/annurev.ecolsys.34.011802.132419  

FASSEBENDER, H. W. Modelos edafológicos de sistemas agroforestales. 2. ed. Turrialba: 

CATIE, 1993. 491 p. 

FUNDAÇÃO SOS MATA ATLÂNTICA. Atlas dos Remanescentes Florestais da Mata 

Atlântica - Período 2018-2019. 2020. Available: http://mapas.sosma.org.br. Access: 23 

June 2021. 

https://doi.org/10.1126/sciadv.1501105
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419


 

 

13 Seasonal litterfall and nutrients in an Atlantic … 

Rev. Ambient. Água vol. 17 n. 1, e2775 - Taubaté 2022 

 

GODINHO, T. de O.; CALDEIRA, M. V. W.; CALIMAN, J. P.; PREZOTTI, L. C.; 

WATZLAWICK, L. F.; AZEVEDO, H. C. A. et al. Biomassa, macronutrientes e carbono 

orgânico na serapilheira depositada em trecho de floresta Estacional Semidecidual 

Submontana, ES. Scientia Forestalis, v. 41, p. 131-144, 2013. 

HAAG, H. P. Ciclagem de nutrientes em florestas tropicais. São Paulo: Fundação Cargill, 

1985. 144p. 

HIROSE, T.; BAZZAZ, F. A. Trade-off between light and nitrogen-use efficiency in canopy 

photosynthesis. Annals of Botany, v. 82, n. 2, p. 195-202, 1998. 

IBAMA. Portaria 62, de 19 de maio de 1998. Reconhece mediante registro, como reserva 

particular do patrimônio natural a área de 517,00 hectares, constituindo-se parte 

integrante do imóvel Fazenda Cafundó, denominado reserva Fazenda Boa Esperança, 

situado no município de Cachoeiro de Itapemirim/ES. Diário Oficial [da] União, seção 

1, Brasília, DF, p. 105, 20 maio 1998. 

INCAPER. Assistência técnica e extensão rural. 2017. Available: 

http://hidrometeorologia.incaper.es.gov.br/?pagina=atlas_pluvio. Access: 19 Jan. 2017. 

IBGE. Manual Técnico da Vegetação Brasileira. 2. ed. Rio de Janeiro, 2012. 271 p. 

JACOBSON, T. K. B.; BUSTAMANTE, M. M. da C.; KOZOVITS, A. R. Diversity of shrub 

tree layer, leaf litter decomposition and N release in a Brazilian Cerrado under N, P and 

N plus additions. Environmental Pollution, v. 159, n. 10, p. 2236-2242, 2011. 

KÖNIG, F. G.; SCHUMACHER, M. V.; BRUN, E. J.; SELING, I. Devolução de nutrientes via 

serapilheira em um fragmento de Floresta Estacional Decidual no município de Santa 

Maria, RS. Brasil Florestal, v. 72, p. 45-52, 2002. 

KRAMER, J. P.; KOZLOWSKI, T. Fisiologia das Árvores. Lisboa: Fundação Calouste 

Gulbekian, 1960. 745 p. 

LALIBERTE, E.; GRACE, J. B.; HUSTON, M. A.; LAMBERS, H.; TESTE, F. P.; TURNER, 

B. L. et al. How does pedogenesis drive plant diversity? Trends in Ecology & Evolution, 

v. 28, p. 331–340, 2013. 

LAWRENCE, D. Regional‐Scale Variation in Litter Production and Seasonality in Tropical 

Dry Forests of Southern Mexico. Biotropica, v. 37, n. 4, p. 561–570. 2005. 

https://doi.org/10.1111/j.1744- 7429.2005.00073.x  

MALHI, Y.; DOUGHTY, C.; GALBRAITH, D. The allocation of ecosystem net primary 

productivity in tropical forests. Philosophical Transactions of the Royal Society B: 

Biological Sciences, v. 366, p. 3225– 3245. 2011. https://doi.org/10.1098/rstb.2011.0062  

MARTINS, S. V. Recuperação de áreas degradadas: ações em áreas de preservação 

permanente, voçorocas, taludes rodoviários e mineração. Viçosa: Aprenda Fácil, 

2016. 270 p.  

MARTINS, S. V.; MIRANDA NETO, A.; RIBEIRO, T. M. Uma abordagem sobre diversidade 

e técnicas de restauração ecológica. In: MARTINS, S. V. Restauração ecológica de 

ecossistemas degradados. Viçosa: UFV, 2012. 293 p. 

McCREE, K. J.; FERNÁNDEZ, C. J. Simulation model for studying physiological water stress 

responses of whole plants. Crop Science, v.29, p. 353-360, 1989. 

https://doi.org/10.1111/j.1744-%207429.2005.00073.x
https://doi.org/10.1098/rstb.2011.0062


 

 

Rev. Ambient. Água vol. 17 n. 1, e2775 - Taubaté 2022 

 

14 Diêgo Gomes Júnior et al. 

NEPSTAD, D.; MOUTINHO, P.; DIAS‐FILHO, M.; DAVIDSON, E.; CARDINOT, G.; 

MARKEWITZ, D. et al. The effects of partial throughfall exclusion on canopy processes, 

aboveground production, and biogeochemistry of an Amazon forest. Journal of 

Geophysical Research: Atmospheres, v. 10, n. 7, p. 1–18, 2002. 

https://doi:10.1029/2001JD000360  

ODUM, E. P. The strategy of ecosystem development. Science, v. 164, p. 262-270, 1988. 

OLIVEIRA, R. R.; LACERDA, L.D. Produção de serapilheira em estágios sucessionais de 

Floresta Atlântica na Ilha Grande, RJ. Revista Brasileira de Botânica, v. 28, n. 1, p. 93-

99. 1999. 

PEIXOTO, K. S.; MARIMON-JUNIOR, B. H.; CAVALHEIRO, K. A. et al. Assessing the 

effects of rainfall reduction on litterfall and the litter layer in phyto physiognomies of the 

Amazonia–Cerrado transition. Brazilian Journal of Botany, v. 41, p. 589–600, 2018. 

PEZZATO, A. W.; WISNIEWSKI, C. Produção de serapilheira em diferentes seres 

sucessionais da Floresta Estacional Semidecidual no oeste do Paraná. Floresta, v. 36, n. 

1, p. 111-120, 2006. 

PEZZOPANE, J. E. M.; CASTRO, F. S.; PEZZOPANE, J. R. M.; CECÍLIO, R. A. 

Agrometeorologia: aplicações para o Espírito Santo. Alegre: UFES, 2012. 178p. 

PINTO, S. I. DO C.; MARTINS, S. V.; BARROS, N. F. DE; CARLOS, H.; DIAS, T. Produção 

de serapilheira em dois estádios sucessionais de floresta estacional semidecidual na 

reserva mata do paraíso, em Viçosa, MG. Revista Árvore, v. 32, n. 3, p. 545-556, 2008. 

PIMENTA, J. A.; ROSSI, L. B.; TOREZAN, J. M. D.; CAVALHEIRO, A. L.; BIANCHINI, 

E. Produção de serapilheira e ciclagem de nutrientes de um reflorestamento e de uma 

Floresta Estacional Semidecidual no sul do Brasil. Acta Botânica Brasílica, v. 25, n. 1, 

p. 53-57, 2011. 

R CORE TEAM. R: A Language and Environment for Statistical Computing. Vienna, 

2016. 

REBEILLE, F.; BLIGNY, R.; DOUCE, R. Is the cytosolic Pi concentration a limiting factor 

for plant cell respiration? Plant Physiology, v. 74, p. 355-359, 1984. 

SANCHEZ, G.; ALVAREZ-SANCHEZ, J. Litterfall in primary and secondary tropical forests 

of Mexico. Tropical Ecology, v. 36, n. 2, p. 191-220, 1995. 

SATO, T.; KOMINAMI, Y.; SAITO, S.; NIIYAMA, K.; TANOUCHI, H.; NAGAMATSU, D. 

et al. Temporal dynamics and resilience of fine litterfall in relation to typhoon 

disturbances over 14 years in an old-growth lucidophyllous Forest in southwestern Japan. 

Plant Ecology, n. 208, p. 187-198, 2010. 

SAYER, E. J. et al. Revisiting nutrient cycling by litterfall - Insights from 15 years of litter 

manipulation in old-growth lowland tropical forest. Advances in Ecological Research, 

2020. https://doi.org/10.1016/bs.aecr.2020.01.002  

SCHREEG, L.A.; MACK, M. C.; TURNER, B. L. Leaf litter inputs decrease phosphate 

sorption in a strongly weathered tropical soil over two time scales. Biogeochemistry, v. 

113, p. 507–524, 2013. 

https://doi:10.1029/2001JD000360
https://doi.org/10.1016/bs.aecr.2020.01.002


 

 

15 Seasonal litterfall and nutrients in an Atlantic … 

Rev. Ambient. Água vol. 17 n. 1, e2775 - Taubaté 2022 

 

SCHUMACHER, M. V.; TRÜBY, P.; MARAFIGA, J. M.; VIERA, M.; SZYMCZAK, D. A. 

Espécies predominantes na deposição de serapilheira em fragmento de Floresta 

Estacional Decidual no Rio Grande do Sul. Ciência Florestal, v. 21, n. 3, p. 479-486, 

2011. 

SCORIZA, R. N.; PIÑA-RODRIGUES, F. C. M. Influência da precipitação e temperatura do 

ar na produção de serapilheira em trecho de Floresta Estacional em Sorocaba, SP. 

Floresta, v. 44, n. 4, p. 687-696, 2014. 

SCORIZA, R. N.; PEREIRA, M. G.; PEREIRA, G. H. A.; MACHADO, D. L.; SILVA, E. M. 

R. da. Métodos para coleta e análise de serapilheira aplicados à ciclagem de nutrientes. 

Floresta e Ambiente, v. 2, n. 2, p. 01-18, 2012. 

STRASSBURG, B. B. N.; IRIBARREM, A.; BEYER, H. L. et al. Global priority areas for 

ecosystem restoration. Nature, v. 586, p. 724 – 729, 2020. 

https://doi.org/10.1038/s41586-020-2784-9  

TAIZ, L.; ZEIGER. Plant Physiology. Redwood City: The Benjamim/ Cummings Publishing 

Company, 1991. 

TEDESCO, M. J.; GIANELLO, C.; BISSANI, C. A.; BOHNEN, H.; VOLKWEIS, S. J. 

Análise de solo, plantas e outros materiais. 2. ed. Porto alegre: UFRS, 1995. 174p. 

VENDRAMI, J. P.; JURINITZ, C. F.; CASTANHO, C. T. Litterfall and leaf decomposition in 

forest fragments under different successional phases on the Atlantic Plateau of the state 

of Sao Paulo, Brazil. Biota Neotropica, v. 12, n. 3, p. 136 - 143, 2012. 

VITAL, A. R. T.; GUERRINI, I. A.; FRANKEN, W. K.; FONSECA, R. C. B. Produção de 

serapilheira e ciclagem de nutrientes de uma floresta estacional semidecidual em zona 

ripária. Revista Árvore, v. 28, n. 6, p. 793-800, 2004. 

VITOUSEK, P. M. Nutrient cycling and nutrient use efficiency. American Naturalist, v. 119, 

n. 4, p. 553-72, 1982. 

WAGNER, F. H. et al. Climate seasonality limits leaf carbon assimilation and wood 

productivity in tropical forests. Biogeosciences, v. 13, n. 8, 2016. 

https://doi.org/10.5194/bg-13-2537-2016  

WANG, C. G.; ZHENG, X. B.; WANG, A. Z.; DAI, G. H.; ZHU, B. K.; ZHAO, Y. M. et al. 

Temperature and precipitation diversely control seasonal and annual dynamics of litterfall 

in a temperate mixed mature forest, revealed by long-term data analysis. Journal of 

Geophysical Research: Biogeosciences, v. 126, n. e2020JG006204, 2021. 

https://doi.org/10.1029/2020JG006204  

WOLF, A.; DOUGHTY, C. E.; MALHI, Y. Lateral Diffusion of Nutrients by Mammalian 

Herbivores in Terrestrial Ecosystems. PLoS ONE, v. 8, n. 8, p. 1–10. 2013. 

https://doi.org/10.1371/journal.pone.0071352  

WRIGHT, G. C.; SMITH, R. G.; McWILLIAM, J. R. Differences between two grain sorghum 

genotypes in adaptation to drought stress. I. Crop growth rate and yield response. 

Australian Journal of Agricultural Research, v. 34, p. 615- 626, 1983. 

ZHANG, H.; YUAN, W.; DONG, W.; LIU, S. Seasonal patterns of litterfall in forest ecosystem 

worldwide. Ecological Complexity, v. 20, p. 240–247, 2014. 

https://doi.org/10.1016/j.ecocom.2014.01.003  

https://doi.org/10.1038/s41586-020-2784-9
https://doi.org/10.5194/bg-13-2537-2016
https://doi.org/10.1029/2020JG006204
https://doi.org/10.1371/journal.pone.0071352
https://doi.org/10.1016/j.ecocom.2014.01.003


 

 

 

Ambiente & Água - An Interdisciplinary Journal of Applied Science 

ISSN 1980-993X – doi:10.4136/1980-993X 

www.ambi-agua.net 

E-mail: ambi.agua@gmail.com 

 

 

 

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. 
 

Study of water and sediment surface quality on defilement of heavy 

metals Pb & Cd at a downstream section of Musi River, South 

Sumatera, Indonesia 

ARTICLES doi:10.4136/ambi-agua.2799 

Received: 22 Sep. 2021; Accepted: 05 Jan. 2022 

Agus Tjahjono1* ; Rudy Sugiharto2 ; Okvita Wahyuni3  

1Engineering Department. Politeknik Transportasi Sungai, Danau dan Penyeberangan Palembang,  

Jalan Sabar Jaya no. 116, Perajen, Banyuasin Regency, South Sumatera, Indonesia. 
2Nautical Studies Department. Politeknik Transportasi Sungai, Danau dan Penyeberangan Palembang,  

Jalan Sabar Jaya no. 116, Perajen, Banyuasin Regency, South Sumatera, Indonesia. 

E-mail: rudysugihartosdp@gmail.com 
3Port and Shipping Management. Politeknik Ilmu Pelayaran Semarang, Jalan Singosari no. 2 a,  

Central Java, Indonesia. E-mail: okvita@pip-semarang.ac.id 
*Corresponding author. E-mail: tjahjono.a@gmail.com 

ABSTRACT 
This research (1) analyzed the content of Pb and Cd in water and sediment; (2) analyzed 

physical and chemical parameters in water; (3) determined the enrichment factor and 

accumulation index of Pb and Cd in sediments; and (4) to identified water quality based on the 

Pollution Index (IP) and STORET. The analysis was carried out using PCA (Principal 

Component Analysis) and Pearson's correlation, and was conducted in the downstream section 

of the Musi River, Palembang, using a random sampling technique. Based on the analysis, it 

was found that the content of Pb and Cd in the waters had surpassed the quality standard 

whereas the contents of both heavy metals found in the sediment still met the quality standard. 

It was also found that several variables of the physical and chemical parameters did not meet 

the criteria. Based on the Enrichment Factor (EF) and the Accumulation Index (Igeo) of Pb and 

Cd, the river had not been defiled. The pollution index values of both IP and STORET indicated 

that the water had been heavily polluted. Based on the PCA, three factors which affected the 

quality of the river water were found. 

Keywords: abiotic, defilement, evaluation, index, mud, quality. 

Estudo analítico da qualidade da água e das superfícies de sedimentos 

em contaminantes de metal pesado Pb e Cd na seção a jusante do rio 

Musi, Sumatra do Sul, Indonésia 

RESUMO 
A pesquisa teve como objetivos (1) analisar o conteúdo de Pb e Cd na água e no sedimento; 

(2) analisar os parâmetros físicos e químicos da água; (3) determinar o fator de enriquecimento 

e o índice de acumulação de Pb e Cd nos sedimentos; e (4) identificar a qualidade da água com 

base no Índice de Poluição (IP) e STORET. A análise foi realizada por meio de técnicas 

estatísticas: PCA (Análise de Componentes Principais) e correlação de Pearson. A pesquisa foi 

conduzida na seção a jusante do rio Musi, Palembang, usando a técnica de amostragem 
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aleatória. Com base na análise, constatou-se que o teor de Pb e Cd nas águas superou o padrão 

de qualidade, enquanto o teor de ambos os metais pesados encontrados no sedimento ainda 

atendia ao padrão de qualidade. Verificou-se também que diversas variáveis dos parâmetros 

físicos e químicos não atendiam aos critérios. Com base no Fator de Enriquecimento (EF) e no 

Índice de Acumulação (Igeo) de Pb e Cd, o rio não havia sido contaminado. Os valores do índice 

de poluição de IP e STORET indicaram que a água estava altamente poluída. Com base no PCA 

foram encontrados três fatores que afetam a qualidade da água do rio. 

Palavras-chave: abiótico, avaliação, contaminação, índice, lama, qualidade. 

1. INTRODUCTION 

Indonesia has many rivers that are scattered in various regions and act as transportation 

routes and support the economy of the local community. One such river  is the Musi River of 

South Sumatera (Hartanto et al.,  2019). One of the drinking water sources is the Ogan River, 

whose water is still assumed to be safe for drinking purposes (Rosyidah, 2017). The pollution 

found in the Musi River was caused by two factors: domestic and industrial activities. The 

domestic activity was said to affect more than the industries. This condition could be seen from 

the organic decomposition caused by household waste which was dominated by iron ranging 

from 288 to 453 mg L-1(Setianto and Fahritsani, 2019).  

Downstream, in Gandus sub-district, it was found that 86% of the environment was in poor 

conditions where people were not aware that the river’s cleanliness impacted on the 

environment and their own health as they had been using the river as a garbage dump and public 

toilet (Putri et al., 2019a). People’s habits such as using the river as a garbage dump, and 

unavailability of Wastewater Treatment Plant facilities around Sekanak River, a tributary of the 

Musi River, also contributed to the decline in Musi River’s water quality (Kospa and Rahmadi, 

2019). 

The average Pb content found in the muscle of Seluang fish (Rasbora sp./such endemic 

small fish) was 157.5 μg Kg-1, while in mullet fish (Mugil chepalus) it was 201.5 μg Kg-1. Thus, 

the metal content was still within the safe limits for consumption purposes (Putri et al., 2016). 

The presence of this heavy metal had affected Selar fish (Alepes vari) and Gulamo fish (Johnius 

belangerii) found in the river’s estuaries. It was found that the content of Pb was higher in 

Gulamo fish than in Selar fish. The heavy metal affected the fish’s organs and had surpassed 

the safe limits for consumption (Agustriani et al., 2019). Surely this will cause concern for the 

health of the people who consume it. 

The presence of Coliform bacteria indicated that pathogens had contaminated the 

environment. In the downstream section, starting from Ogan River estuary to Kemaro Island (a 

small island in the middle of the Musi River, with several erected buildings), Coliform bacteria 

ranged from 5,000-13,000 CFU 100 mL-1. It means that the land use would affect the abundance 

of these bacteria as the domestic waste was disposed into the river (Genisa and Auliandari, 

2018). 

This study: (1) analyzed the content of Pb and Cd in water and sediment; (2) examined 

content of Coliform bacteria in water; (3) identified the physical and chemical parameters of 

water; (4) determined the enrichment factor and accumulation index of Pb and Cd metals in 

sediments; (5) determined the river’s water quality based on Pollution Index (IP) and STORET; 

and, (6) analyzed the physical and chemical variables of the waters using Pearson correlation 

and PCA (Principal Component Analysis).  

2. MATERIAL AND METHODS  

2.1. Description of the study area 

The study was conducted from July to September 2019 during high tide, starting from the 
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upstream section around Ampera Bridge to the downstream of Musi River, Palembang, South 

Sumatera Province, Indonesia. The waters were mixed, single dominant tides; there were two 

high and two low tides within 24 hours. The lowest tide reached 1.2 m and the highest was 

3.25m. During the high tide, the flow rate ranged from 0.023 to 0.256 m sec-1 (Sari et al., 2019). 

In this research, random sampling was applied at six observation points: (1) the first point, 

at Ampera Bridge (02°59'25" S, 104°45'55" E); (2) the second point located at Boom Baru Port 

(020 58' 55" S, 1040 46' 44" E); the third point, at Pupuk Sriwijaya Company (Pusri), a fertilizer 

factory (02°59'05" S, 104°47'46" E); (4) the fourth point, in Pertamina's refinery jetty (02°59'21" 

S, 104°50'03" E); (5) the fifth point, in a the shipyard owned by Mariana Bahagia Company 

(02°58'02" S, 104°52'12" E); and (6) the sixth point, in the shrimp processing area and PT SAP 

palm oil mill (02°57'30" S, 104°52'44" E) (Figure 1). 

 
Figure 1. Research site. 

2.2. Research parameters 

The samples were then analyzed in terms of temperature, TDS, salinity, TSS, nitrite, 

nitrate, pH, phosphate, BOD, DO, Pb, Cd, MPN Coliform 100 mL-1. The in-situ data included 

temperature, salinity, and pH whereas the ex-situ data consisted of the primary data obtained 

from laboratory results including TDS, TSS, nitrite, nitrate, phosphate, BOD, DO, Pb, Cd and 

MPN Coliform 100 mL-1. In-situ measurements were also conducted in order to analyze the 

level of turbidity, flow rate, and river depth. Moreover, samples of sediment were also obtained 

to analyze the content of Pb and Cd metal. 

2.3. Data analysis 

2.3.1. Stipulation of heavy metals (Pb, Cd) in water 

 In this research, 18 samples were obtained. Each sample was put into a 100 mL 

erlenmeyer flask. Five mL of concentrated HNO3 was then added. Next, it was covered with a 

watch glass and heated at 105-120°C so that the rest volume became 15-20 mL. After the test 

sample became clear, it was put into a 50 ml volumetric flask and filtered on 42 μm Whatman 

paper. Some free-mineral water was then added and tested using AAS (Atomic Absorption 

Spectrophotometer) (Ginting et al., 2019; SNI, 2009a; 2009b). 
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2.3.2. Stipulation of heavy metal (Pb, Cd) in sediment 

 In order to determine the level of Pb and Cd, 18 samples were collected. 50 g of each 

sample was taken and then dried in an oven at 150°C for 24 hours. 5 g of sample was added 

with 10 ml of HNO3. The sample was then heated using a water bath at 150°C for 30 minutes, 

filtered on 0.45 μm Whatman paper, stored in a sample bottle that had been filled with 15 mL 

of distilled water. The content of Pb and Cd in sediment was analyzed using AAS.  

2.3.2.1. Stipulation of the content of Coliform bacteria in river water 

In this research, 18 samples were taken from the river. The water sample was put into 

sterilized bottles and given a flame at the bottle mouth. The bottles were then closed and put 

into an icebox. Next, the sample bottles were taken to the laboratory. There were four stages in 

examining Coliform bacteria (Adrianto, 2018; SNI, 1996). 

2.3.2.2. Preliminary Test  

In order to perform the preliminary test, 9 mL of LB (Lactose Broth) was put into test tubes 

with a Durham tube inside. The tubes were then autoclaved at 121°C for 15 minutes. The sample 

was diluted by adding 9 mL of sterile distilled water as a 10-1 dilution occurred. The dilution 

was obtained from 0.1 mL, 0.01 mL, 0.001 mL and was then put into three tubes of LB. The 

tubes were stored in an incubator at 37°C for 24-48 hours. Coliform bacteria were identified by 

the presence of gas, acid, or discoloration. 

2.3.2.3. Confirmation Test  

The 1-2 positive suspensions were inoculated into tubes containing BGLBB (Brilliant 

Green Lactose Bile Broth). The tubes were incubated at 37°C in 24-48 hours. If some gas, acid, 

or color changes form, it showed that Coliform bacteria existed. Last, MPN was performed. 

2.3.2.4. Complementary Test  

The media which were positive in the confirmation test were then inoculated. One 

inoculation loop of the sample was added into Eosin Methylene Blue (EMB) agar and then 

incubated at 37°C. If a metallic, blackish green colony grew after 3-4 days of incubation, a 

biochemical test and gram stain were then performed. 

2.3.3. Stipulation of Water Quality using Pollution Index Method 

In this research, the pollution Index method was used to stipulate the relative rating of 

pollution toward the water quality parameters, using the following formula Equation 1 

(Indonesia, 2003; Nemerow and Sumitomo, 1970): 

 𝑃𝐼𝐽 =
√

  
(

𝐶𝑖
𝐿𝑖𝑗

)
𝑀      

2

+ (
𝐶𝑖

𝐿𝑖𝑗
)

𝐴      

2

 

 

       

2
             (1) 

Where PIj = pollution index of j, Ci = water quality contents i, Lij = quality parameters 

listed in criteria of water j, M = maximum, A = average. It finds four stipulations of the 

pollution: (a) 0 ≤ IP ≤1.0 means meets the threshold, (b) 1.0 ≤ IP ≤5.0 means slight polluted, 

(c) 5.0 ≤ IP ≤10 means medium polluted, and (d) IP ≥10 means heavy polluted. 

2.3.4. Stipulation of water quality using STORET  

STORET method utilized parameters that met or surpassed the quality standard. 

Stipulation of water quality status consisted of 4 grades: (a) Grade A, score 0, is considered as 

very good that it meets the criterion; (b) Grade B, a score between -1 and -10, is considered as 

mildly polluted; (c) Grade C, score between -11 and -30, is gratified as moderately polluted; 
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and (d) Grade D, score ≥ -31, is considered as heavily polluted (US EPA, 1989; Arnop et al., 

2019). 

2.3.5. Stipulation of heavy metals for water 

In this study, the stipulation of heavy metal quality was based on four standards. The first 

was the criterion of seawater standards for marine biota (Indonesia, 2004). The second was on 

water quality management and water pollution control (Indonesia, 2001). Third, from Australia 

and New Zealand was used (ANZECC, 2013). Lastly, this study also applied provision from 

Canada (CCME, 1999). 

2.3.6. Stipulation of Coliform Bacteria Density  

The coliform bacterial density was calculated using the formula as follows Equation 2 

(Adrianto, 2018; SNI, 1996): 

𝑇𝑜𝑡𝑎𝑙 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 (
𝑀𝑃𝑁

100 𝑚𝑙
) =  

𝐴  𝑥 100

√𝐵 𝑥 𝐶
           (2) 

Where A = number of positive tubes, B = volume of test objects in negative tubes (mL), C 

= volume of test objects in all tubes (mL). 

2.3.7. The enrichment level of Pb and Cd metals in sediment  

The enrichment factor was employed to determine the grade of heavy metal foulness of Pb 

and Cd in sediment. The level of enrichment (EF = Enrichment Factor) was calculated using 

the following formula Equation 3 (Sakan et al., 2009): 

 𝐸𝐹 =
[𝐻𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙 𝑜𝑓  𝑃𝑏/𝐶𝑑]

[
𝑃𝑏

𝐶𝑑
 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠]

              (3) 

Where EF = Enrichment Factor, standard of Pb = 12.5 mg Kg-1, standard of Cd = 0.2 mg 

Kg-1. EF value < 1 means that it is not contaminated, EF value 1-3 means that the defilement is 

low, value 3-5 means that the defilement is moderate, 5-10 means severe defilement, and 25-

50 means that severe enrichment occurs. 

2.3.8. Accumulation Index  

The accumulation index was aimed to determine the value of the presence and intensity of 

anthropogenic metal contaminants in sediments. The formula used is as follows Equation 4 

(Barbieri, 2016): 

𝐼𝑔𝑒𝑜 = 𝑙𝑜𝑔2
[ℎ𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙]

1.5 𝑥 [𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑]
              (4) 

Where Igeo = geoaccumulation index, log2 = 0.301, 1.5 = constant value, background = 

metal standard value. The accumulation index is divided into seven grades: (1) Igeo < 0 meaning 

there is no defilement, (2) 0 ≤  Igeo ≤1 meaning there is no defilement/low defilement, (3)                      

1≤ Igeo ≤2 meaning that moderate defilement occurs, (4) 2 ≤ Igeo ≤ 3 meaning that there is 

moderate/heavy defilement, (5) 3≤ Igeo ≤4 meaning that it was heavily contaminated, (6)                  

4 ≤  Igeo ≤5 meaning that there is heavy/extraordinary defilement, and (6) Igeo  ≥ 5 indicating 

highly contaminated sediment (Forstner and Muller, 1981). 

2.3.9. Pearson Correlation 

This analysis is used to measure the strength of the relationship between two variables and 

the direction of a linear relationship between the two. The data involved ratio data and contain 

real numbers. The r value is used to identify the relationship (Priyatno, 2016; Sujarweni, 2014). 
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In this research, IBM SPSS version 25 was applied. 

2.3.10. PCA 

This analysis is a statistical technique to convert most of the original variables which are 

correlated with each other into a new, smaller, and independent variable. The principal 

component analysis is used to eliminate the original variable which has a small contribution of 

information (Van Delsen et al., 2017; Priyatno, 2010).  

3. RESULTS AND DISCUSSION 

During the research, the water temperature was not in optimal conditions for biota, ranging 

from 32 to 38.67°C; the optimal temperature was 28-32°C (Miranda et al., 2018). Other 

physical parameters, TDS values ranged from 38.9-41.57 mg L-1 which means that it still met 

the water criterion of Grade II and III, below 1000 mg L-1. Meanwhile, TSS value was  also 

still below the quality standard, below 50 and 400 mg L-1. The chemical parameters of this 

research included nitrite, nitrate, pH, phosphate, BOD and DO content.  

Based on the analysis, nitrite content had surpassed the quality standard reaching 0.06 mg 

L-1. Whereas, the average content of nitrate had surpassed the standard threshold at 10 mg L-1. 

The average level of Phosphate content was below the quality standard (0.2 mg L-1). However, 

BOD and DO content had surpassed the quality standard, reaching 3 and 4 mg L-1. This also 

happened to Rewalsar Lake, which experienced a decline in BOD values caused by the many 

spiritual visits to the lake and the disposal of waste (Kumari and Kumar, 2020) (Table 1). 

Table 1. Physical and chemical quality conditions of the downstream of Musi River 

waters. 

Parameter 
Sampling Field 

Average 
1 2 3 4 5 6 

Temperature (°C) 32 34 35.27 34.33 38.53 38.67 35.47 

TDS (mg L-1) 38.5 37.43 37.7 38.9 41.57 41.57 39.28 

TSS (mg L-1) 0.63 0.27 0.5 0.33 0.3 0.23 0.38 

Nitrite (mg L-1) 0.16 0.19 0.26 0.11 0.05 0.1 0.15 

Nitrate (mg L-1) 11.01 4.88 12.5 10.38 10.44 10.8 10 

pH 5.12 5.16 5.15 5.22 5.21 5.25 5.19 

Phosphate (mg L-1) 0.22 0.28 0.15 0.12 0.11 0.1 0.16 

BOD (mg L-1) 11.67 14.67 11 8.33 10 11 11.11 

DO (mg L-1) 7.04 7.09 7.01 7.13 7.25 7.25 7.13 

Turbidity (NTU) 34.13 24.43 25.77 59.07 24.77 33.6 33.63 

Current speed (m sec-1) 0.2 0.16 0.17 0.11 0.41 0.28 0.22 

Depth (m) 0.14 10.8 0.2 1.1 7.7 6.9 4.47 

The turbidity ranged from 24.43 to 59.07 NTU and was identified as high. The high 

turbidity was due to the presence of mud downstream, which caused suspension and dissolution 
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(Weliyadi et al., 2020). The water quality was determined by BOD content, which was the key 

parameter in water quality monitoring. The high content of BOD in the waters was caused by 

the discharge of inorganic materials (Wanna et al., 2017). The high BOD value was also 

founding the coastal waters of Bedukang, Bangka Regency, which showed a high content of 

organic waste (Rema et al., 2019). The high BOD content was also found in the Code River in 

Yogyakarta. This river water was classified as polluted and the cause was domestic and 

livestock waste. As a result, a high total Coliform content was found (Hadi et al., 2018). The 

DO parameter in this water was low. Pollution is considered low if DO content is > 5 ppm 

(Wulandari et al., 2020). Nitrate is a compound of protein synthesis in plants and animals. The 

high content of nitrate in the downstream can cause a rapid growth of algae (blooming) 

(Hamuna et al., 2018). 

The average content of Pb found at the six stations was 3.0933 mg L-1, ranging from 2.82 to 

3.92 mg L-1. The highest value was found at Boom Baru Port while the lowest was at Pertamina 

and Pusri Company’s ports. Pb content at all stations had surpassed the quality standard 0.03 

mg L-1. This indicates that river water could no longer be used as a source for drinking water 

treatment (threshold ≤ 0.1 mg L-1) (Figure 2). The content of Pb in the water indicated that the 

presence of oil spills resulted from water activities, so it was considered to be correlated with 

the decrease of macrozoobenthos abundance (Tanjung et al., 2020). 

Based on the seawater criterion for biota, the Pb content of  0.008 mg L-1 was regarded as 

unsafe for biota. Pb content found in the Musi River was higher than what was found in 

Tenggang River, Semarang, which ranged from 0.0755 to 0.1425 mg L-1 (Agustina et al., 2019). 

The average Pb content was higher compared to the previous studies, which ranged from 0.002-

0.004 mg L-1 and 16.977-61.479 mg Kg-1 in dissolved and suspended conditions (Putri and 

Purwiyanto, 2016). The presence of Pb in water could affect aquatic organisms such as Cendro 

fish in the coastal waters of Krueng Raya Aceh Besar (Fadillah et al., 2017). 

 
Figure 2. The average content of Pb in water. 

Based on the analysis, it was found that average Cadmium content in all stations was 

constant at 1.88 mg L-1, which surpassed the quality standard (0.01 mg L-1) (Figure 3). The 

presence of this metal indicates the excessive use of fertilizers around the river flow (Rocha et 

al., 2019). Pearson correlation analysis showed a strong positive significant relationship 

between temperature and TDS (r = 0.732; p < 0.01). A similar relationship between TDS and 

current strength (r = 0.654; p < 0.01) was also found. However, the relationship between BOD 

and Pb in the water was categorized as medium (r = 0.553, p < 0.01).  

These findings showed a linear relationship in which temperature would affect TDS; TDS 

was influenced by water current meaning that the greater the water current was, the higher TDS 

would be; the dissolved oxygen content would affect Pb in water. In other words, there was a 

unidirectional relationship in which the increase of the biological oxygen demand would affect 
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the content of Pb in water. Any strong relationship between Pb metal and other metals, such as 

the study in Lake Renuka, namely between Pb-Ni which shows a relationship between sediment 

enrichment and metal leaching into the lake (Kumar et al., 2019a). 

 

Figure 3. The average Cd content in water. 

There was a moderately negative correlation between temperature and nitrite (r = -0.476; 

p < 0.05), TDS and nitrite (r = -0.504; p < 0.05), nitrate and nitrite (r = -0.523; p < 0.05), 

temperature and water current (r = -0.584; p < 0.05), phosphate and DO (r = -0.567; p < 0.05), 

and BOD and Pb in water (r = -0.504; p < 0.01). However, a strong negative significant 

relationship between pH and Pb in water (r = -0.647; p < 0.01) was also found. The negative 

relationship, both medium and strong, showed a non-unidirectional relationship. For example, 

the larger the pH as the dependent variable was, the smaller content of Pb in water as the 

independent variable would be (Table 2). Research on sediment conducted in the Danjiang 

River, China showed a moderately significant relationship between Pb-Mn and Pb-Ni (p < 0.05) 

indicating the same source or environmental character (Zhuang et al., 2021). On the other hand, 

enzymes (alkaline phosphate and urease) – contributed from plant fertilizers – had a significant 

negative relationship with Pb and Cd (r = -0.60 and r = -0.49) in winter in Suez Bay (El-Sikaily 

et al., 2021). 

In this research, there were four water grades which had been determined: Grade I (raw 

drinking water); Grade II (water recreation infrastructure/facilities, freshwater fish farming, 

animal husbandry, water for cropping); Grade III (freshwater fish cultivation, animal 

husbandry, water for agriculture); and Grade IV (agricultural flow) (Indonesia, 2001). Based 

on the analysis, in Grade I, four parameters did not meet the requirements: pH, BOD, Cd, and 

Pb. In Grade II and Grade III; five parameters did not meet the requirements: pH, BOD, nitrite, 

Cd, and Pb. In Grade IV, there were only three parameters that did not meet the requirements: 

nitrite, Cd, and Pb. Thus, based on the water grade criteria, the water downstream in the Musi 

River was only suitable for agriculture purposes. Nitrate conditions that have surpassed the 

standard have made the water in Rewalsar Lake unusable for drinking, which is indicated by 

the water quality index value which has reached 346.53 in all seasons (Gaury et al., 2018). 

The content of Pb in the sediment ranged between 2.48 and 5.28 mg Kg-1, whose average 

reached 4.49 mg Kg-1. The highest content was found at Boom Baru Port while the lowest was 

found at Ampera Bridge. On the other hand, Cd content in the sediment was between 0.18 and 

0.41 mg Kg-1 with an average of 0.31 mg Kg-1. The highest finding was found at Boom Baru 

Port while the lowest was in the Pusri fertilizer factory (Figure 4). The Pb content had increased, 

between 3.89 and 10.14 mg Kg-1, which was found at the Upang Estuary (Sari et al., 2019). The 

conditions of heavy metals of both Pb and Cd in sediments were in contrast to the condition 

found at the estuary of Cisadane River in Banten which showed low contents of both (Pb 16.75 

mg Kg-1, Cd < 0.002 mg Kg-1) (Nadia et al., 2017). 
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Table 2. Pearson Correlation between physicochemical parameters. 

 T TDS TSS Nitrate Nitrite pH P BOD DO Pb in w Turb Pb in s Cd in s Current Depth 

T 1               

TDS 0.732* 1              

TSS -0.334 -0.154 1             

Nitrate 0.16 0.031 -0.132 1            

Nitrite -0.476* -0.504* 0.353 -0.524* 1           

pH 0.105 0.07 0.107 -0.329 0.07 1          

P -0.307 -0.294 0.38 -0.005 0.171 0.058 1         

BOD 0.024 -0.019 -0.033 -0.233 0.033 -0.344 0.105 1        

DO 0.228 0.167 -0.783** 0.262 -0.418 -0.444 -0.567* 0.047 1       

Pb in w -0.039 -0.115 -0.077 -0.385 -0.05 0.252 0.235 0.553* -0.23 1      

Turb -0.233 0.024 0.281 -0.343 0.111 0.23 -0.001 -0.36 -0.182 -0.129 1     

Pb in s 0.133 0.208 -0.223 0.071 -0.065 -0.647** -0.283 0.131 0.302 -0.185 -0.071 1    

Cd in s -0.438 0.203 -0.198 -0.155 0.03 -0.332 0.239 -0.036 0.258 -0.002 0.016 0.135 1   

Current -0.584* 0.654** -0.088 0.002 -0.397 0.192 -0.231 -0.175 0.209 -0.037 -0.172 -0.112 -0.1 1  

Depth 0.409 0.262 -0.448 -0.341 -0.228 0.093 0.114 0.225 0.222 0.393 -0.261 0.212 0.244 0.359 1 

T: Temperature, TDS: Total Dissolved Solids, TSS: Total Suspended Solid, P: Phosphate, BOD: Biological Oxygen Demand, DO: Dissolved Oxygen, Pb in 

w: Pb in water, Turb: Turbidity, Pb in s: Pb in sediment, Cd in s: Cd in sediment. 

Bold values indicate significant correlations. 

**Correlation is significant at the 0.01 level (2-tailed) 

*Correlation is significant at the 0.05 level (2-tailed) 
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The content of Pb in sediment was greater than its content in water, from 3.0933 to 4.49 

mg L-1. This finding showed that there had been an enrichment of the metals from water to 

sediment. The Pb content in sediment was lower than what had been found in the research 

conducted in Sangihe Islands whose average reached 61.47 mg L-1, indicating that this coastal 

area was heavily polluted even when the heavy metal content in sediment met the quality 

standard (Mustafa et al., 2021). 

It was also found that the criterion of Pb in sediment were 50 and 30.2 mg Kg-1. Thus, the 

content of Pb in sediment was still below the threshold, meaning that it was still safe for biota 

(ANZECC, 2013; CCME, 1999). The content of Pb was lower than the content found in 

research conducted at Pakil Bangka River (12.26 mg Kg-1). However, the content of Cd was 

higher (0.53 mg Kg-1) (Miranda et al., 2018). The average content of Pb in the estuary water 

(0.0104 mg L-1), the Sungsang waters, had decreased since the waters had been diluting due to 

the water currents and tides. On the other hand, the average content of Pb in sediment had 

increased to 24.89 mg Kg-1 due to the accumulation of sediment carried from upstream (Putri 

et al., 2019b). 

 
Figure 4. Pb and Cd content in sediment. 

The enrichment factor for Pb in sediments ranged from 0.2-0.4 and the average reached 

0.36. The highest enrichment factor was found in the Pertamina jetty while the lowest finding 

was at Ampera Bridge. This means that the vessel’s activities at Pertamina jetty had caused a 

high solubility in sediment. The enrichment factors of Pb at all stations did not indicate any 

defilement. The enrichment factors of Cd ranged from 0.9 to 2.05 with an average of 1.55; the 

highest value was found at Ampera Bridge and Boom Baru Port, while the smallest was at the 

Pusri fertilizer factory. Compared to the fertilizer factory whose access was limited only to 

certain vessels, domestic discharge activities around the KM 16 market and jetty had affected 

the sediment. The analysis also found that the enrichment factors of Cd in the fertilizer factory 

area were regarded as not contaminated while the findings at other stations were regarded as 

lowly contaminated. The average value of Cd enrichment factors was found to be higher than 

Pb’s. This indicates that oil waste from both domestic and aquatic activities was dominant 

(Figure 5). This enrichment of Pb and Cd would be greater in coastal waters than it was in rivers 

as found in the research conducted in Bohai and Yellow Seas (Tian et al., 2020). 

 
Figure 5. Enrichment Factors (EF) of Pb and Cd in sediment. 
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The accumulation index (Igeo) for Pb in sediment ranged from 0.04 to 0.08, with an average 

value of 0.07. The highest value was found at Boom Baru Port. The values at all stations 

indicated a low defilement. The Cd accumulation index ranged from 0.18 to 0.41 and the 

average value reached 0.31. The highest value was found at Ampera Bridge and Boom Baru 

Port. Igeo for Cd at all stations also indicated a low defilement (Figure 6). 

 
Figure 6. Igeo for Pb and Cd in sediment. 

The content of total Coliform at all stations was 1,600 MPN 100 mL-1. It was still below 

the water quality standard for Grade II and Grade III, which were 5,000 and 10,000 MPN 100 

mL-1. However, the total Coliform content should be 0 MPN 100 mL-1, so the river water was 

not suitable for drinking purposes (Regulation of the Minister of Health Decree No. 

492/MENKES/PER/IV/2010) (Indonesia, 2010) (Figure 7).  

 
Figure 7. The Total Coliform content. 

The pollution index value according to STORET used Grade II and Grade III of water 

criterion, whose parameters included TDS, TSS, nitrate, nitrite, pH, Phosphate, BOD, DO, Pb, 

Cd and Total Coliform, each of which is 1000 mg L-1, 50-400 mg L-1, 10-20 mg L-1, 0.06 

mg/liter, 6-9, 0.2-1 mg L-1, 3-6 mg L-1, 4-3 mg L-1, 0.03 mg L-1, 0.01 mg L-1and 5000-10000 

MPN 100 mL-1. The highest pollution index was found at Pusri company, the fertilizer factory. 

The pollution index at all stations was regarded as heavily polluted, exceeding the -31 value 

(Table 3). 

Since the average value reached -126.67, the downstream water of the Musi River could 

not be used for drinking purposes. A similar condition also occurred in the river of Tanah Abang 

Dam in East Kutai Regency, East Kalimantan, whose primary, secondary, and tertiary water 
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were categorized as Grade III and Grade IV due to the high sedimentation rate which was 

caused by the cultivation of agricultural land (Amprin et al., 2020). Another similar condition 

was also found in the coastal area of Dumai City, whose water was heavily polluted (STORET 

value -43.5) (Arifin et al., 2019). 

The pollution index at all stations indicated heavy pollution, which surpassed 10. The 

highest value was found at Boom Baru Port, which was highly influenced by transportation 

activity. Some factors which influenced defilement included the parameters of BOD, DO, Pb, 

Cd, and nitrite. The average contents of Pb and Cd in the river reached 3.92 and 1.88 mg L-1, 

indicating that fuel spills caused pollution (Table 4). Activities in urban areas have a direct 

influence on the quality of river water in the area it passes through (Vargas et al., 2018). 

Table 3. The parameters values of STORET’s Pollution Index 

at the stations. 

Parameter/Station 1 2 3 4 5 6 

TDS 0 0 0 0 0 0 

TSS 0 0 0 0 0 0 

Nitrate -16 -4 -16 -4 -8 -16 

Nitrite -20 -20 -20 -16 -4 -16 

pH 0 -8 -20 -20 -20 -20 

Phosphate -16 -16 0 0 0 0 

BOD -20 -20 -20 -20 -20 -20 

DO -20 -20 -20 -20 -20 -20 

Pb -20 -20 -20 -20 -20 -20 

Cd -20 -20 -20 -20 -20 -20 

Total Coliform 0 0 0 0 0 0 

Total Score -132 -128 -136 -120 -112 -132 

Table 4. Pollution Index test results. 

No. Parameter 
1 2 3 4 5 6 

Lij 
1 2 3 4 5 6 

Cimax PIj 

1 TDS 39.9 37.7 38 39 44.4 41.9 1000 

28.03 33.5 27 26.7 27.4 27 

2 TSS 1.2 0.4 0.7 0.6 0.4 0.3 50 

3 Nitrate 13.3 12.29 19.5 16.8 12.1 12 10 

4 Nitrite 5.12 5.36 5.29 5.36 5.39 5.36 9 

5 pH 0.44 0.53 0.19 0.16 0.17 0.13 0.2 

6 Phosphate 14 21 13 17 13 13 3 

7 BOD 7.54 7.18 7.09 7.25 7.41 7.43 4 

8 DO 3.37 5.8 2.82 2.82 3.2 3 0.03 

9 Pb 1.88 1.88 1.88 1.88 1.88 1.88 0.01 

10 Cd 0.2 0.25 0.46 0.21 0.07 0.18 0.06 

11 
MPN 

Coliform 
1600 1600 1600 1600 1600 1600 5000 

It was also found that the average pollution index downstream of Musi River reached 28.27 

and was classified as heavily polluted. This pollution was caused by massive activities including 

transportation, shipbuilding, palm oil mills, transportation, and domestic waste. The high 

pollution is also due to the fact that the research samples were taken at the area near the port 
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and coal mines (Patty et al., 2019; Rois and Andrizal, 2018). The contribution of domestic 

waste produced from organic and iron substances had also caused the pollution index value in 

the water of Mahap River in South Kalimantan; it was moderately polluted (average IP 9.5) 

(Christiana et al., 2020). 

Research on pollution index conducted at seven sampling points in Batang Merangin 

River, Jambi, showed that the river was lightly polluted (average IP 1.67) and only one sampling 

point in Ujung Tanjung was categorized as heavily polluted (Sisca and Marlina, 2019). A 

similar condition also occurred in the Kampwolker River, an inlet of Lake Sentani, Jayapura. 

In this river, nine parameters did not meet the requirements that the water was categorized as 

moderately polluted (IP 6.470 to 7.534) (Walukow et al., 2021). Research conducted at 

Kalimireng river in Gresik Regency found that the water was lightly polluted (average IP 2.75). 

The pollution was caused by waste produced from the fish meal (Khoiri et al., 2020). Illegal 

domestic waste disposal also played a role in causing the Crown Golf Ornamental Lake in North 

Jakarta to be categorized as lightly to moderately polluted (Widigdo et al., 2020). 

In this study, 17 variables were analyzed using PCA. However, 8 variables were excluded 

since they did not meet the requirements; the MSA (Measure of Sampling Adequacy) value did 

not meet the criteria (< 0.5). KMO and Bartlett's Test value using 9 variables (temperature, 

TDS, TSS, nitrite, pH, Pb in water, Cd in sediment, current, and depth) reached 0.579 which 

was > 0.5 meaning that the sampling was adequate. Total Variance explains three out of nine 

variables tested, with eigenvalues of > 1 reaching 3.114; 1.683; and 1.420. These three factors 

affected the water quality at 69.08%, while the remaining 30.92% was caused by other factors. 

Based on the scree plot, it was shown that there were three factors whose eigenvalues were 

more than one whereas the other six factors were less than one [Figure 8(A)].  

 
Figure 8. Scree plot (A) and PCA plot (B). 
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The first factor with 34.60% of the total variance consisted of temperature (0.896), TDS 

(0.878) and current (0.771) caused by natural factors and anthropogenic activities. The second 

factor with 18.70% of the total variance involved TSS (0.607), pH (0.630), nitrite (0.256) and 

Cd in the sediment (-0.785) its called the chemical factor. Last, the third factor with 15.78% of 

the total variance consisted of Pb in water (0.849) and depth (0.67) caused by community 

activities. It was also found that within the first factor, temperature, TDS, and current had a 

strong relationship. In the second factor, TSS and nitrite had a strong relationship, whereas 

nitrite had a weak relationship. Besides, Cd in sediment had a strong negative relationship; the 

smaller the Cd in the sediment was, the better the water quality would be. In the third factor, Pb 

had a very strong correlation while depth had a strong relationship [Figure 8(B)]. Factors 

affecting water quality can also be caused by the use of chemical fertilizers, causing nutrient 

enrichment such as in Rewalsar Lake (Kumar and Mahajan, 2020). 

In the first factor, temperature and water currents had a strong relationship; the water flow 

rate would affect the water temperature and the water current would affect the transport of 

organic matter (Sari and Aprida, 2018). The first factor (26.4% variance), such as TDS, also 

occurs in Lake Renuka, which is more caused by weathering of rocks than the impact of 

activities by living organisms (Kumar et al., 2019b). The third factor, heavy metals and depth, 

had a strong relationship with what research conducted in Parepare Bay had found. This 

research found that the coastal area was heavily polluted while the outside waters of the bay 

were moderately polluted (Handiani and Heriati, 2020). 

Research on Moro’s waters, Karimun, Riau Islands, also found that there were three 

components that determined the water quality whose influence reached 95.4%; the temperature 

parameter was the strongest followed by DO and pH (Wiyoto and Effendi, 2020). On the other 

hand, research conducted in Pazarsuyu River, Turkey, found six factors that affected the water 

quality: temperature was the second factor, whose contribution reached 14.78% of the total 

variance, while agricultural drainage factor gave moderate influence (Ustaoglu and Tepe, 

2019).  

4. CONCLUSIONS 

The content of Pb and Cd in waters (3.09 and 1.88 mg L-1) had surpassed the quality 

standard. However, the content of Pb and Cd in sediment still met the quality standard. There 

were several variables of physicochemical parameters which did not meet the requirements: 

nitrate, nitrite, phosphate, BOD, and DO. The enrichment factor (EF) and the accumulation 

index (Igeo) of Pb and Cd, reaching 0.36 and 0.07, indicating that the downstream waters had 

not been contaminated. The pollution index value of both IP and STORET showed that it had 

been heavily polluted. The downstream waters were considered unsuitable for drinking 

purposes and the river water was classified as Grade IV, which could only be used for 

agricultural irrigation purposes. The analysis of PCA found that three factors affected the 

quality of river water whose influence reached 69.08%. The first factor was temperature, 

whereas TDS and water currents contributed as high as 34.60%. The regional governments and 

port authorities, both commercial and river port authorities, need to supervise transportation 

and industrial activities on the river. There is a need for the cooperation of all parties to prevent 

the pollution that has occurred. 
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ABSTRACT  
Environmental pollution is a worldwide concern, especially when caused by sewage 

dumping into water bodies. Many substances are present in industrial or domestic wastewater, 

causing contamination in superficial water collection. Surfactants stand out for being widely 

used both industrially and domestically. The use of detergents and many types of surfactants 

was increased during the Covid-19 pandemic period, a fact observed in the levels in the effluent 

sample analysis from a Sewage Treatment Plant (STP) - Vila City around 21 and 39 mg L-1  in 

this period. This work evaluated the surfactant concentrations in the primary and secondary 

treatment units of the Vila City STP, in the city of Paranavaí-PR.-Brazil. In addition, the use of 

a post-treatment by slow sand filtration and adsorption by activated carbon produced from spent 

coffee grounds in the complementary removal of surfactants was proposed. A mixed bed with 

sand and activated carbon columns was made on a pilot scale, and filtration/adsorption runs 

were performed simulating slow filtration with rates of approximately 15 m3 m-2 day-1. The 

parameters used for the efficiency removal evaluation in a pilot plant run were: turbidity (NTU) 

and surfactant concentrations. The removal of surfactant concentrations was about 9% and 7% 

in the Upflow Anaerobic Sludge Bed reactors (UASB-RALF) and in the secondary treatment, 

respectively, at the STP – Vila City units. In the post-treatment proposed by 

filtration/adsorption, bed columns on a pilot scale plant obtained a reduction of approximately 

94% in terms of turbidity (NTU) and 95% in terms of surfactant removal.  

Keywords: activated carbono, coffee poder, effluent, surfactants. 

Avaliação do pós-tratamento de efluentes por filtração lenta e 

adsorção com carvão ativado produzido a partir da borra de café na 

remoção de surfactantes em estações de tratamento de esgoto 

RESUMO 
Poluição ambiental é uma preocupação mundial, especialmente causada por despejos de 

esgotos nos coleção hídrica. Diversas substâncias compõem os despejos e resíduos industriais 

e esgotos domésticos. Os surfactantes destacam-se por serem amplamente usados tanto 

industrialmente como domesticamente. O consumo de detergentes e diversos tipos de 

tensoativos foi incrementado durante o período de pandemia da Covid-19, fato observado nos 
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teores de surfactantes no efluente das Estações de Tratamento de Esgoto (ETE) - Vila City entre 

21 e 39 mg L-1 neste período de tempo. Este trabalho avaliou as concentrações de surfactantes 

em diferentes etapas da ETE da Vila City, na cidade de Paranavaí, PR.- Brasil. Além disso, 

propôs-se a utilização de um pós-tratamento por filtração/adsorção por carvão ativado 

produzido a partir da borra de café na remoção complementar dos surfactantes. Foram 

confeccionadas colunas de adsorção com meio filtrante de areia e carvão em escala piloto e 

realizados ensaios de filtração/adsorção simulando filtração lenta com taxas de 

aproximadamente 15 m3 m-2 dia-1. Os parâmetros utilizados na avaliação da eficiência nos 

ensaios em escala piloto foram: turbidez e surfactantes. Obteve-se como resultado, as remoções 

das concentrações de surfactantes de cerca de 9% e 7% no reator anaeróbio de leito fluidizado 

(RALF) e no tratamento secundário na ETE, respectivamente. No pós-tratamento proposto em 

ensaios de filtração/adsorção em escala piloto obteve-se uma redução de aproximadamente 94% 

de turbidez (uT) e de 95% de surfactantes, respectivamente.  

Palavras-chave: carvão ativado de borra de café, efluente, surfactante. 

1. INTRODUCTION 

Environmental pollution is a worldwide concern, mainly caused by the discharge of 

sewage into water bodies. To measure the level of pollution and contamination, environmental 

legislation uses some quality indicators in samples collected, such as oils and greases, 

surfactants, organic matter, or phosphorus (Metcalf and Eddy, 2014). Among these parameters, 

surfactants stand out for being widely used in industries, and daily in households as a detergent; 

in this way, surfactants are among the main pollutants found in sewers (Gül, 2020). 

The significant use of detergents in Brazil and the lack of domestic sewage treatment in 

urban regions have caused undesirable environmental effects (Gül, 2020). The presence of these 

can cause the inhibition or paralysis of the natural or artificial purification due to the formation 

of foams, disturbances in the oxygen conduction through the membranes of the aquatic 

organisms, and the eutrophication of surface waters due to the presence of phosphates present 

in the surfactants (Costa et al., 2007). 

Studies show that the average concentration of surfactants in the sanitary sewer is 4.55 

mgL-1 (Amigo, 1998). However, there are no maximum values for surfactants in federal 

legislation that may be present in effluents to be released into superficial water collection. 

Considering the presence of surfactants in industrial and domestic sewers, which often exceed 

the limit concentrations for dumping in river waters, it is necessary to implement techniques 

and processes to reduce the concentration of these compounds, such as, for example, filtration 

and adsorption. 

It is known that the soluble coffee processing industries generate considerable volumes of 

residues from the coffee extraction stage, the spent coffee dreg sludge. It is estimated that 48% 

of the amount of raw material used is converted into spent coffee dreg. In 2005, 6 million tons 

of coffee powder was generated worldwide (Tokimoto et al., 2005). The coffee residue is 

generally collected as organic waste and disposed of in landfills, where it decomposes, 

generating methane, thus contributing to climate change. Such residue is formed by high 

organic content, such as carbohydrates, proteins, fibers, caffeine, polyphenols, tannins, and 

pectins, compounds that can be treated or valued in different ways to reduce the environmental 

impact. The major component of coffee residue is carbon, which can be used in adsorption 

processes such as activated carbon (Jutakridsada et al., 2016). 

Considering the need to control the levels of surfactants and having spent coffee dreg as a 

by-product and adsorbent potential, the present study aims to verify the efficiency of surfactant 

removal at the Vila City Sewage Treatment Plant (STP) in the city of Paranavaí - Paraná - Brazil 
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and to analyze the efficiency of the pilot-scale plant filtration/adsorption process as a post-

treatment using activated carbon produced from spent coffee dreg and slow sand filtration to 

remove surfactants and turbidity, respectively. 

2. MATERIAL AND METHODS 

The surfactant removal experiments were carried out using a sustainable method, at the 

Vila City STP in Paranavaí City-Paraná-Brazil, located at Avenida Mariano Morangueira. The 

STP Vila City has an average flow of 130.5 m3 h-1 and a maximum effluent flow of 240 m3 h-

1. At this station, 40% of sanitary sewage is received from the municipality of Paranavaí. All 

the experiments carried out in the present study with activated carbon derived from spent coffee 

dreg were developed at the Sewers Analysis Regional Laboratory of the Companhia Paranaense 

de Saneamento (SANEPAR), in the city of Paranavaí 

2.1. Surfactants Determination Methods 

For surfactants, concentration measurements  used the methylene blue method for anionic 

surfactants, according to the 5540-C method (APHA et al., 2012). In this method, the samples’ 

anionic surfactants react with the methylene blue dye to form a blue complex, which is extracted 

with chloroform. Therefore, the samples were analyzed immediately after their collection; 10 

collections were carried out from May 2019 to February 2020. The collection points are located 

at the arriving sewage in the treatment plant, after the Upflow Anaerobic Sludge Batch Reactor 

(UASB-RALF), and after secondary treatment – final effluent.  

The samples were diluted by adding 2.5 mL of the effluent, making up to 100 mL with 

deionized water. These were added in a 500 mL separating funnel, where 1 M sodium hydroxide 

solution was added by droplets until the solution was alkaline, with basicity identified by 

phenolphthalein (pink color). Then, the 1 M sulfuric acid solution was added by droplets until 

the solution became colorless. Another 10 mL of chloroform and 25 ml of methylene blue 

reagent were added (previously prepared by diluting 100 mg of methylene blue in 100 mL of 

water, 30 ml of which were pipetted in a 1000 mL volumetric flask).  

The separating funnel was stirred for 30 seconds, and this procedure was performed with 

three successive extractions with 10 mL aliquots of chloroform each. Moreover, 50 mL of the 

washing solution was added to the organic phase, prepared from 6.8 mL of concentrated sulfuric 

acid, 50 g of monobasic sodium phosphate monohydrate, added to 1000 mL with deionized 

water, the extraction being repeated twice.  

After that, the organic phase was collected in a 100 mL flask and the volume was 

completed with chloroform, the blue color of the organic phase being determined 

spectrophotometrically at 652 nm wavelength. The reading given in mg L-1 was multiplied by 

40, considering the initial dilution of 2.5 per 100. 

2.2. Turbidity Measurements  

The turbidity of the samples was determined using the Turbidimeter Model AP2000 WT 

(Policontrol). After the instrument was properly calibrated, the cuvette was completed with the 

homogenized sample up to the mark. The turbidity values of the sample in (NTU) are shown 

on the equipment display.  

2.3. Efficiency removal in Sewage Treatment Plant Vila City – Paranavaí -PR 

The variations in the surfactant concentrations samples were evaluated by Standard 

Deviation (SD) and the Coefficient of Variation (CV). The standard deviation (Equation 1) is a 

measure that expresses the degree of dispersion of a data set, that is, the standard deviation 

indicates how uniform a data set is.  



 

 

Rev. Ambient. Água vol. 17 n. 1, e2756 - Taubaté 2022 

 

4 Marcelo Pinheiro Ribeiro et al. 

𝑆𝐷 = √
∑(𝑥𝑖−�̅�)2

𝑛−1
              (1) 

Where: SD is the Standard Deviation; xi is the value at position i in the data set; n is the 

number of samples and 𝑥 is the arithmetic average.  

The coefficient of variation (Equation 2) provides the variation of the data concerning the 

average. The lower its value, the more homogeneous the data will be. The coefficient of 

variation is considered low (pointing to a very homogeneous data set) when it is less than or 

equal to 25%. 

𝐶𝑉 =
𝑆𝐷

𝑥
100               (2) 

The removal efficiency (E%) of surfactants by the wastewater treatment process (STP – 

Vila City) was calculated according to Equation 3. 

𝐸 (%) =
=𝐶 𝑖𝑛−𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
. 100             (3) 

Where Cin is the surfactants concentration in the sewage inlet unit reactor from STP Vila 

City and Cout is the surfactants concentration in the sewage outlet unit reactor from STP Vila 

City. 

2.4. Precursor material preparation for the activated carbon production 

A total of 50 g of spent coffee dreg previously dried in a kiln were weighed on an analytical 

balance (Shimadzu). With the aid of qualitative filter paper (Whatman 90 mm), funnel, 

kitassato, and a vacuum pump, the sample was washed with deionized water to remove soluble 

compounds. This procedure was carried out until the water resulting from the washing was 

clear. After washing, the sample was placed in a kiln at a temperature of 120ºC for 2 hours for 

drying. After that time, the samples were cooled in a desiccator and stored in closed containers 

(Ahsan et al., 2018). 

2.5. Activation Process 

The chemical activation process was adapted from Figueiredo et al. (2017). For this, 50 g 

of washed and dried spent coffee dreg were weighed in a porcelain capsule, and with a beaker, 

50 mL of a solution of the activating agent (H3PO4 - phosphoric acid 85%) was added, ensuring 

a ratio of 1:1 (in mass) (spent coffee dreg /activating agent solution).  

The powder (spent coffee dreg) was homogenized with a spatula, so that the activator 

would impregnate the entire mass of spent coffee dreg, and was left in dynamic contact for 12 

hours in a desiccator, protected from light and contaminants at a controlled temperature of 

approximately 20ºC.  

After that time, the samples were filtered with the aid of a vacuum pump, kitassato, and 

qualitative filter paper (Whatman 90 mm) to remove the excess activating solution, and 

transferred again to a porcelain capsule for carbonization in the muffle furnace. The increase of 

the temperature was progressive in these steps: 350ºC, 450ºC, 550ºC, 650ºC, 750ºC and 850ºC, 

for 1 hour in each temperature range. Subsequently, the sample was cooled to environmental 

temperature. Further, was stored in a desiccator, then the activated carbon was macerated with 

a porcelain mortar and pestle passed through a 3 mm sieve and then stored in closed containers 

and protected from light. 
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2.6. Fixed bed filtration and adsorption essays (Pilot Plant Scale Filtration) 

To carry out the study of filtration and adsorption in a fixed bed, a filter was assembled 

filled with the carbon produced and activated with phosphoric acid. The filter, shown in Figure 

1, was constructed with a PVC pipe, which has a diameter of 100 mm and a height of 1.5 m. A 

perforated PVC plate was inserted to support the layer and the porous media bed filter. The 

porous media layer was constituted by two layers of sand with 10 cm each with their respective 

sizes starting from the bottom layer: 1.18 mm (medium-sized sand) and 0.3 mm (smaller-sized 

sand), a layer of 10 cm of activated carbon produced by spent coffee dreg (powder) and two 

sand layers of 10 cm each were repeated into the top of filter media, the same as described in 

the bottom ones. 

 
Figure 1. Schematic diagram of the installation on a pilot scale of slow 

filtration/adsorption using activated carbon produced from spent coffee dreg. 

Figure 1 shows the Pilot Plant Scale Filtration apparatus was placed in a reservoir with a 

capacity of 500 L (of which it occupied 250 L), located above the filters, therefore allowing the 

hydraulic flow by gravity. The solution from the reservoir to the filter was conducted by 

pipeline and the flow was controlled by hydraulic valves. In addition, at the bottom of the filter, 

a device was also installed that allows positive pressure in the internal porous media bed 

filtration/absorption medium. The outlet pipeline also allowed the sample collection of filtered 

effluent. 

The samples were collected hourly for 9 hours of experimental run. Four experimental 

filtration and adsorption runs were conducted. The sample measurements were surfactant 

concentrations or contaminant concentrations and turbidity. The samples were measured until 

removal efficiency reached values below 20%. During the running of the experiment, the 

hydraulic head loss measure was carried out in the Filtration Pilot Plant. 

The slow filtration experimental runs were performed with a rate of 15 m3 m-2 day-1 and 

natural pH of the solution (temperature around 25ºC). Before being used, the sands were washed 

with deionized water before beginning the tests for slow filtration. 
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3. RESULTS AND DISCUSSION 

3.1. Evaluation of the efficiency of removal of surfactants at Vila City STP 

The descriptive statistics of the data referring to surfactant analysis at the beginning of the 

season, after the UASB-RALF and after the secondary treatment, is shown in Table 1. 

Table 1. Descriptive statistics of surfactant data in samples at Vila City STP. 

Parameters Effluent UASB-RALF Secondary post-treatment 

Number of samples 10 10 10 

Average (mg/L) 23.15 21.43 21.83 

Standard deviation (mg/L) 9.72 10.78 9.90 

Coefficient of variation (%) 42 50 45 

Minimum (mg/L) 6.94 1.97 3.67 

Maximum (mg/L) 39.12 34.32 37.04 

For the effluent, the surfactants varied between 6.94 and 39.12 mg L-1, after the UASB-

RALF they varied between 1.97 and 34.32 mg L-1 and after the secondary treatment, they 

varied between 3.67 and 37.04 mg L-1.  The average value observed for the effluent is very 

close to values reported in the literature, of 14.40 mg L-1 (Carosia et al., 2014) and 15.00 mg 

L-1 (Braz et al., 2021). 

It can be observed that the surfactant concentrations found in the UASB-RALF and after 

the secondary treatment indicate removals of about 9% and 7%, respectively, in relation to the 

effluent. Between UASB-RALF and sewage after secondary treatment, the average values 

considered show an increase of 2% in the concentration of surfactants. The observed values are 

much lower than those reported in the literature, about 45% of removal of the concentration of 

surfactants in the UASB-RALF (Braz et al., 2021; Carosia et al., 2014). Such values justify the 

need to adjust the effluent to the maximum values of surfactants designated by the legislation, 

by means of complementary methods, such as, for example, post-treatment by activated carbon 

filtration. 

3.2. Study of post-treatment by filtration / adsorption in a fixed bed of synthetic effluent  

3.2.1. Surfactants Removal Results – Synthetic effluent 

The removal of surfactants by fixed bed filtration with carbon adsorbent produced from 

coffee dreg and activated with phosphoric acid is shown in Figure 2 (a), which also contains 

the bars that express the errors attributed to the equipment and glassware used in the filtration. 

In this first analysis, to test the filter capacity, an aqueous solution with detergent diluted in 

deionized water was used. The concentration of surfactants (commercial detergent and 

deionized water) in the initial solution was 31.60 mg L-1. In the first hour of the filtration run, 

the concentration of the filtrate was 4.20 mg L-1, with removal efficiency of around 87%. Over 

the filtration / adsorption time the filtrate concentration gradually increased, and after 9 hours 

of testing the concentration was 27.20 mg L-1, with 14% removal efficiency. Such values 

indicate that at the beginning, with the "clean" coal and the clean filter medium, the adsorption 

/ filtration process occurs more effectively, and over time, as the surfactant molecules occupy 

the active sites of the carbon, this efficiency gradually decreases, due to the decrease in the 

availability of sites for adsorption to occur. 

In this case, the evaluated filtration period does not allow the calculation of the breaking 

point (Figure 2 (b)), exhaustion point or adsorptive capacity, since the breaking point is 

considered to be 5% of the initial solute concentration (Cpost filter/Cinitial = 0.05); that is, it would 

be for the concentration of 1.58 mg L-1 of surfactants. However, the first measurement, made 
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in 1 hour of filtration, already has a concentration higher than this. The exhaustion point, which 

occurs when the mass transfer zone (ZTM) reaches the bottom of the bed and the concentration 

of the solute at the exit of the column reaches around 95% of the initial concentration (Cpost 

filter/Cinitial= 0.95), that is, close to 30 mg L-1, it was also not reached in this study, since the 

concentration in 9 hours of filtration was 27.20 mg L-1(Kleinübing and Silva, 2008). This was 

due to the end of the filtration / adsorption row due to the loss of maximum hydraulic pressure, 

see Figure 3. 

 
Figure 2. Evaluation of surfactant removal (a) and surfactant removal rupture curve (b), of the samples 

of the synthetic effluent by filtration in a fixed bed with carbon produced from coffee dreg and activated 

with phosphoric acid – example run. 

 
Figure 3. Example of head loss in the filtration/adsorption essay 

using activated carbon produced from spent coffee dreg in the pilot 

plant presented in Figure 1 and data presented in Figure 2. 

The retention of surfactant solution above the filter layer was evaluated in order to verify 

the behavior of the filtration rate, as shown in Figure 3. It can be seen that the volume of the 

surfactant solution column above the filter layer increases approximately linearly until about 7 

hours of filter operation and that the volume retained per hour remains close to the average 

value retained (ratio between the volume total retained and the number of hours of filtration or 
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career), thus indicating that during this period the filtration rate is constant (15 m3 m-2 day-1). 

After 7 hours of filtration, the height of the retained solution column possibly puts pressure on 

the solution in the filter medium, slightly increasing the filtration rate (decreasing the retained 

volume per hour). 

3.2.2. Turbidity Removal Results – Synthetic effluent 

Evaluation of turbidity of post-filtration samples along with the concentration of 

surfactants was also determined. The initial turbidity of the surfactant solution used in filtration 

was 0.32 (NTU). After filtration, the turbidity of the samples varied between 0.88 (NTU) (after 

1 hour of filtration) and 0.55 (NTU) (after 9 hours of filtration), indicating that part of the carbon 

particles was washed away, even after washing the carbon prior to filter assembly. However, 

these values remain below 1.00 (NTU), which corresponds to the maximum allowed even by 

Consolidation Ordinance No. 5 Annex XX modified by Resolution No. 888 of the Potability 

Standard (Brasil, 2021). 

3.3. Study of post-treatment by filtration / adsorption in a fixed bed to remove surfactants 

present in real effluent 

3.3.1. Surfactants Removal Results – Real effluent 

The removal of surfactants from the effluent by fixed bed filtration with carbon adsorbent 

produced from coffee dreg and activated is shown in Figure 4 (a). The concentration of 

surfactants in the initial solution was 1.36 mg L-1, and after just 1 minute of filtration, it dropped 

to 0.14 mg L-1, with a removal efficiency of about 90%. After 3 minutes, the concentrations of 

surfactants present in the samples were so low that it did not allow their quantification (limit of 

quantification of the technique used is 10 mg L-1). 

Considering that the concentration of remaining surfactants in the effluent of Vila City 

STP was around 21.00 mg L-1 after the secondary treatment, it is observed that the results 

obtained by the filtration/adsorption tests on carbon produced from the coffee dreg and 

activated with phosphoric acid proved to be efficient in removing surfactants from this effluent, 

with lower final values than those detectable by the limit of quantification of the technique used.  

The breaking point can be seen on the curve (Figure 4 (b)) and corresponds to 0.07 mg L-

1 of the surfactant; however, this value is below the limit of quantification of the technique. 

Thus, it was not possible to determine the exact moment at which the breaking point is reached. 

 
Figure 4. Example of evaluation of the surfactant removal (a) and rupture curve in the surfactant 

removal (b), of the samples of the real effluent by filtration in a fixed bed with phosphoric acid activated 

coffee dreg. 
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3.3.2. Turbidity Removal Results – Real effluent 

The turbidity values of the effluent as a function of time during the filtration process were 

also determined. The initial turbidity of the solution was 7.8 (NTU) and a decrease in turbidity 

was observed as a function of the filtration time. This decrease occurred up to 40 min, reaching 

the minimum value of 0.5 (NTU). After 40 minutes of filtration, these values started to increase, 

indicating that in the beginning, with the “clean” carbon, the adsorption process occurs more 

effectively, and over time, as the particles occupy the active sites of the carbon, this efficiency 

may gradually decrease by decreasing the availability of sites for adsorption to occur, beside 

the fact of particle retention in the porous medium (sand-bed layers), evidently. All turbidity 

values presented in this study, below 8.0 (NTU), indicate that concerning this parameter the 

effluent is suitable for release into bodies of water, since according to CONAMA Resolution 

430 (CONAMA, 2011), the discharge of effluents into Class 2 water should not exceed turbidity 

of 100.0 (NTU). 

4. CONCLUSION 

The results showed that in the conventional process used by the sewage treatment plant the 

removal of surfactants in the effluent was around 9% after UASB-RALF and 7% after 

secondary treatment. Thus, there is a need for a post-treatment of this specific parameter of the 

effluent before it is discharged into the receiving water body. 

The efficiency of the post-treatment by filtration/adsorption using activated carbon 

produced from coffee dreg for the removal of surfactant evaluated in a pilot installation 

proposed in this work was: for 1 hour of filtration/adsorption, the removal efficiency was 

approximately 90%; for 9 hours of filtration/adsorption run, it was around 14%. 

In this case, the filtration rate was constant in the order of 15 m3 m-2 day-1 during the 7 

hours of the filtration/adsorption run. The removal of the analytical parameters with their 

respective efficiency averages was also carried out, obtaining the removal of approximately 

94% of turbidity and 95% of surfactants, respectively. 

The results provide a sustainable option for the post-treatment of effluent from ETE’s 

contaminated with surfactants. The activated carbon produced from the coffee dreg in 

association with the sand filtration used in the pilot filtration/adsorption station proved to be 

efficient.  It should be noted that the removal of effluent surfactants is even more necessary due 

to the pandemic caused by Covid-19, in which there was a significant increase in the use of 

hygiene and cleaning products containing surfactants. 
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ABSTRACT  
Dams pose a high potential risk due to the possibility of rupture. An accident can cause 

severe consequences for the economy and the environment, besides the loss of human lives. In 

addition to large dams for power generation, there are also a large number of small earth dams 

throughout the world, mainly in rural areas, built for the purpose of irrigation or watering 

animals. Problems with small dams are also frequent, especially in periods of high rainfall when 

they are more prone to failure. When dams are in cascade, the probability of a rupture is even 

greater than with an isolated dam, since in most cases small dams do not have enough freeboard 

to contain the volume coming from the dam further upstream. However, Brazilian legislation 

relating to water dams only covers the large ones, unless they are classified with high Hazard 

Potential (DPA for its acronym in Portuguese). Thus, there is no specific legislation for small 

dams, which means that many of them do not undergo regular inspections and proper safety 

assessment. This work aims to apply the simplified classification developed by the National 

Laboratory of Civil Engineering (LNEC for its acronym in Portuguese) for dams in cascade and 

to compare it to the classification of the Brazilian law for the DPA, evaluating its applicability 

for small dams. In this way, this method will complement and facilitate decision-making by 

owners and regulators, thus allowing special attention to the safety of small dams all over the 

world. 

Keywords: dams in cascade, dams safety, small earth dams. 

Aplicação da metodologia simplificada de classificação de pequenas 

barragens em cascata 

RESUMO 
Barragens são elementos com alto potencial de risco devido à probabilidade de ruptura. 

Um acidente pode causar graves consequências para a economia, para o meio ambiente, além 

da perda de vidas humanas. Além das grandes barragens para geração de energia, existe também 

um grande número de pequenas barragens de terra no mundo, principalmente em áreas rurais, 

construídas com a finalidade de irrigação ou dessedentação de animais. Os problemas com 

http://www.ambi-agua.net/seer/index.php/ambi-agua/index
http://dx.doi.org/10.4136/1980-993X
http://dx.doi.org/10.4136/1980-993X
http://www.ambi-agua.net/splash-seer/
http://www.ambi-agua.net/splash-seer/
https://doi.org/10.4136/ambi-agua.2790
mailto:vemolina@unicamp.br
https://orcid.org/0000-0002-1315-0214
https://orcid.org/0000-0001-9672-4289
https://orcid.org/0000-0002-6205-961X
https://orcid.org/0000-0002-8612-5415


 

 

Rev. Ambient. Água vol. 17 n. 1, e2790 - Taubaté 2022 

 

2 Daniel Andrioli de Lima et al. 

pequenas barragens também são frequentes, especialmente em períodos de muita chuva, quando 

estão mais sujeitos a rompimento. Quando as barragens estão em cascata, a probabilidade de 

seu rompimento é ainda maior do que quando há barragem isolada, pois, na maioria dos casos, 

as pequenas barragens não possuem borda livre suficiente para conter o volume proveniente da 

barragem mais a montante. Porém, no Brasil, para barragens de água, a legislação abrange 

apenas as grandes, a menos que sejam classificadas com alto Dano Potencial Associado (DPA). 

Assim, não existe uma legislação específica para pequenas barragens, o que significa que 

muitas delas não passam por inspeções regulares e avaliações de segurança adequadas. Este 

trabalho visa aplicar a classificação simplificada desenvolvida pelo Laboratório de Engenharia 

Civil de Portugal (LNEC) para barragens em cascata e compará-la com a classificação da lei 

brasileira para a DPA, avaliando a sua aplicabilidade para pequenas barragens. Desta forma, 

este método de classificação poderá complementar e facilitar a tomada de decisões por parte 

dos proprietários e reguladores, permitindo assim uma atenção especial à segurança das 

pequenas barragens em todo o mundo. 

Palavras-chave: barragens em cascata, pequenas barragens de terra, segurança de barragens.   

1. INTRODUCTION 

Water is essential for life; man therefore occupies areas where this resource is available. 

Considering the increase in water demand over the time, and that its availability is not constant, 

the regularization of rivers through dams is necessary for the maintenance of human 

development and the well-being of a society.  

With agricultural development and a greater need for food, there has been an increase in 

the construction of small dams, especially in rural areas and in arid regions. They are used for 

irrigation, watering animals, and even to minimize problems with flooding, and substantially 

contribute to the socioeconomic development of small rural properties. They also have a 

potential to mitigate future climate change consequences. However, due to the lack of proper 

management by the owners, they can become a threat to the region where they are built 

(Bocchiola et al., 2014; Alahiane et al.,2016; Agoramoorthy et al., 2016; Hintze et al., 2016). 

Despite some dams being small, they can cause risks to the population, as they are often 

built without an adequate project, technical responsibility or the authorization of the responsible 

regulatory agency. Thus, they also need inspections for proper monitoring of their behavior, 

requiring a joint action of regulatory agencies and owners for the safety management of these 

dams (Dam et al., 2012).  

Accidents with large dams are reported around the world; on the other hand, occurrences 

with small dams located in rural areas are generally less reported, but more frequent, especially 

in developing countries. In the Czech Republic, there are approximately 20,000 small dams, 

many of which broke in rain events in 1997, 2002 and 2010; there were also occurrences in 

Tasmania, Australia, United States, Indonesia, among other countries, with dams less than 10m 

high. In Brazil, in the northeastern region, between 1887 and 1906, 129 small dams broke, in 

addition to other accidents in the states of Ceará and Pará (Pisaniello et al., 2011; 2015; Aguiar 

et al., 2015; Říha et al., 2020; Nava et al., 2021). 

The safety of a dam includes structural, geotechnical, hydraulic, operational and 

environmental aspects, besides the auscultation of important parameters. It is also worth 

mentioning that managing the safety of small dams must involve public authorities, owners and 

the community. (Pacheco et al., 2020; Lima et al., 2021).  

Risk analysis tools, such as those developed by Kalinina et al. (2018), Li et al. (2019), He 

et al. (2020), can be used to evaluate the level of safety of a dam. Nevertheless, for Garcia et 

al. (2019), when considering small dams, indexes are more appropriate to provide general 
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information regarding the structure, as they are less time and cost consuming. Pimenta et al. 

(2013), Sun et al. (2014), Zheng et al. (2015), Zhou et al. (2015), Jing et al. (2018), among 

others presented simpler tools that can be used to evaluate the level of safety of a dam.  

Despite all the problems involving small dams, few countries (among them, Portugal can 

be mentioned) have specific legislation and/or recommendations for them. There is no specific 

data for risk assessment and classification purposes, making the small dams’ safety assessment 

and management more difficult. Thus, it is important to have more specific tools for the small 

dams, considering their particularities, and that can be easily applied (Luccas et al., 2020; Lima 

et al., 2020).  

In Brazil, Law n° 12.334/10, amended by Law n° 14.066/20, named Brazilian Policy of 

Dams Safety (BPDS), which addresses the accumulation of water for any uses, the final or 

temporary disposal of tailings and the accumulation of industrial waste (Brasil, 2020). 

However, only dams larger than 15m height, or with reservoirs with a volume greater than 3.106 

m3, are included in it, unless they have a medium/high Hazard Potential (DPA) classification. 

This classification does not meet small dams, which do not require regular safety inspections, 

increasing the risk of an accident.  

Thus, this work applies the simplified methodology for cascading dams developed by the 

Brazilian Water and Sanitation Agency (ANA for its acronym in Portuguese) and the National 

Laboratory of Civil Engineering (LNEC for its acronym in Portuguese), in partnership with the 

World Bank, comparing it with the DPA classification according to Law n° 12.334/10.  

Several authors have elaborated simplified methods for determining the parameters of the 

breach, the peak flow or the failure impact zone (España, 1996; Schaefer and Barker, 2007; 

Melo, 2015; Petry et al., 2018). However, the classification presented here is intended to make 

it clear to decision makers the danger of not observing the possible risks of cascading dams, 

especially the small earth dams in rural areas. The method is a previous analysis and its results 

show, in a simple and low-cost way, the areas that must be monitored. 

2. MATERIAL AND METHODS 

The municipality of Campinas, State of São Paulo, has an approximate area of 800 km2, 

being about 400 km2 of rural area. There are 358 dams in the municipality, 80 of them located 

in the Microbasin of Ribeirão das Cabras, which has environmental relevance for being in the 

Environmental Protection Area (APA) of Campinas. About 75% of these dams are used for 

irrigation/livestock (ANA, 2019; Campinas, 2016).  

To carry out this research, 24 of these 80 dams were chosen; they are arranged in cascades, 

located in 4 private properties, (named here X1, X2, X3 and X4), as shown in Figures 1 and 2. 

The Institute of Technological Research (IPT, 2002) created a technical report, from which 

information was obtained about the dams, such as their length and height, geographic 

coordinates and, for some of them, the freeboard and the water surfaces (with normal and 

maximum water levels). 

The assessment of the surroundings of the dams was made from an orthophoto from 2014, 

available at https://informacao-didc.campinas.sp.gov.br/metadados.php from the server 

http://wms2.campinas.sp.gov.br/wmsmap/wms_ortofoto_2014.map. The orthophoto is in a 

raster format, with GSD (Ground Sample Distance) resolution of 10cm, photo capture (aero 

photogrammetric coverage): July 2014, coordinate reference system: SIRGAS 2000 UTM 23 

S. From this orthophoto it was possible to visualize existing elements, such as roads, buildings, 

and other features.  

The DPA classification of the dam was based on Resolution n° 143/2012 of the Brazilian 

Water Resources Council (CNRH for its acronym in Portuguese) (CNRH, 2012). According to 

this Resolution, scores are assigned to each one of the criteria that compose DPA, depending 

on the characteristics of the dam. The final grade is the sum of the scores for each criterion. 

https://informacao-didc.campinas.sp.gov.br/metadados.php
http://wms2.campinas.sp.gov.br/wmsmap/wms_ortofoto_2014.map
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Figure 1. Location of the Ribeirão das Cabras Watershed and the 24 dams. 

 
Figure 2. Location of cascading formations regions.  

Then, the classification was made according to the simplified method for dams in cascade, 

proposed by LNEC in partnership with the World Bank (World Bank, 2014) and it was 
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elaborated from practices recommended by (España, 1996; Schaefer and Barker, 2007). 

The method consists in a simplified classification of the DPA of cascading dams, based on 

the premise that the spillway of a downstream dam will not be able to drain the flood of the 

failure of an upstream dam. Thus, if the free edge of the dam under analysis comprises all the 

influent volume, it will not fail; otherwise, it will break. The method follows the steps: 

1. The DPA classification of isolated dams is carried out; 

2. The further downstream dam keeps the isolated DPA isolated; 

3. If the downstream dam does not store in its free edge the total influent volume due to 

the rupture of the upstream dam, it will break; so, to the upstream dam should be assigned the 

classification of highest DPA between both. 

The ideal is having information about the free edge of the analyzed dams. If this 

information is not available, it is estimated, depending on the total volume of the dam, as 

follows: for a dam height up to 3m, the freeboard volume is 20% of the reservoir volume; for 

dams with a height between 3m and 15m, the freeboard volume is 10% of the reservoir volume; 

dams with a height between 15m and 60m, the freeboard volume is 50% of the reservoir volume 

(World Bank, 2014).  

Based on the described method, one made the classification of the 24 dams in cascade. 

3. RESULTS AND DISCUSSION 
For the Hazard Potential (DPA for its acronym in Portuguese) classification, 20 dams were 

chosen, arranged in 3 cascades (named A, B and C), in addition to 4 isolated dams (which are 

not in cascade), thus totaling 24 dams, as shown in Figure 2. 

Thus, the Hazard Potential classification was done for the 24 dams in isolation, and the 

simplified classification of LNEC was done for those ones in cascade.  

3.1. DPA Classification according the Brazilian Policy of Dams Safety  

From the information available about the dams, the DPA classification was made 

according to CNRH (2012). The criteria considered for this classification is presented in the 

Supplementary Material (Table 2), and it is worth remembering that all the dams are classified 

separately.  

The dam named 1 (8.3m high) was the only one classified with high DPA, as it is located 

immediately upstream of an urban area, which increases the probability of loss of human life if 

it breaks. On the other hand, Dams 2 (7.8m high), 3 (no height information) and 4 (4.4m high) 

were classified as having low DPA.  

The dams A1 to A3, B1 to B10 and C1 to C7, all have low DPA when they are classified 

in isolation, since downstream of them there are no buildings with permanent occupation. Thus, 

according to the Brazilian Law, these dams considered in isolation, would have no obligation 

of regular inspection by the regulatory agency, as already mentioned by Lima et al. (2021).  

It is noteworthy that the attribution of scoring and evaluation of the categories does not 

totally eliminate the subjective character, as it is made from the observation of the dam's 

surroundings, with an interpretation that depends on the experience of the technician who will 

carry out the on-site inspection. 

3.2. Classification according to LNEC simplified methodology 

The simplified methodology of LNEC (described previously) was applied to classify the 

dams in cascade. Figure 3 presents the 3 cascades considered in this research, and their 

classification is presented in Table 1.  
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Figure 3. Cascade of regions A, B and C. 

Table 1. Classification of Cascade Dams according to the simplified methodology. 

Dam Height (m) Volume (m³) Free Board Volume (m3) DPA Cascade 

A1 8 34,685 3,000 Low 

A2 8 53,672 5,000 High 

A3 8 15,127 2,000 High 

B10 6 63,241 6,000 Low 

B5 8 356,720 36,000 High 

B8 16.5 139,639 70,000 High 

B9 5.9 37,878 4,000 Low 

B6 6.2 57,939 6,000 High 

B4 9.2 277,840 28,000 High 

B7 6 44,664 4,000 High 

B3 6.9 18,036 2,000 High 

B2 7.4 151,463 15,000 High 

B1 7.6 251,864 25,000 High 

C2 7.5 114,637 11,000 Low 

C1 6 0 0 Low 

C4 11.5 232,737 23,000 High 

C5 11 92,719 9,000 High 

C7 18.5 761,626 381,000 High 

C3 5.3 24,104 2,000 High 

C6 6 30,498 3,000 High 

Dam “A1” is the most downstream in the cascade, so it keeps the low DPA, which is the 

same as the isolated classification. From there, the classification of the dams is carried out, 

evaluating whether the downstream dam would store on its freeboard the volume released if the 

immediately upstream dam failed. Thus, if the A2 breaks, A1 does not store the influent volume 

on its freeboard, and it would inherit the DPA. As it is already low, your DPA would change to 

medium, and the same procedure is done for the entire cascade.  

For the B cascade, it is observed that the B10 and B9 dams would store on their freeboard 

their excess volume plus the volume of the B5 and B6. However, dams B8, B4, B7, B3, B2 and 

B1 do not have enough freeboard to store the excess volume, so they are classified with high 

DPA. With the failure of the more upstream dams and accumulation of all the flood, there is a 

great probability that the further downstream dams will also break, including those with low 

DPA. 

Cascade C is composed of 7 small dams; C2 and C1 dams maintain the low DPA of the 

isolated classification, as they are further downstream, and the others would have a high DPA, 

according to the simplified method.  

It is worth remembering that the simplified method considers the possibility that the 

volume released by a dam failure also breaks the dam immediately downstream (if the free edge 
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of this one does not store the total influent volume). Thus, according to Schaefer and Barker 

(2007), if the failure of the upstream dam would cause the failure of the downstream one, then 

the classification for the upstream dam must be as high or higher than the downstream dam(s). 

That's why in some cases, the most upstream dams are classified with high DPA, while the 

more downstream dams are classified with low DPA.  

Figure 4 shows the classification for the cascades, both separately (low DPA) and together 

(medium and high DPA). 

 
Figure 4. Classification of the small dams in cascade. 

The method applied in this research is a simplified one, and it is important to a previous 

safety assessment of the dam. Besides, results show that attention needs to be paid to small 

dams, especially when they are cascades.  

4. CONCLUSIONS 

Dams are important structures for the development and well-being of a society. In small 

rural properties, it is common to build small dams for irrigation, animal watering, or other 

purposes.  Although less reported, accidents with small dams are frequent, and few countries 

have specific legislation or criteria for evaluating the safety of these structures.  

In this study, the DPA evaluation of small dams was carried out based on the criteria 

defined in the Brazilian legislation and from a simplified classification for cascading dams, 

proposed by LNEC.  

It is worth remembering that both methods applied to small dams proved to be useful for 

an assessment of the Hazard Potential, and to delimit risk areas around the dams. Besides, the 

results presented here highlight that a dam can be classified as low DPA when isolated 

(therefore, without the inspections imposed by Brazilian law) but can change to high DPA when 

the analysis is done in cascade. Attention must therefore be paid to small dams, especially when 

they are in cascade. 
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Another important issue is that small dams have their own characteristics, which make 

them different from large ones. Often, compliance with legislation to guarantee the safety of 

the structure could make economic activities unfeasible for small owners, since, unlike large 

dams, the small ones are generally not built for profit and/or generate large incomes for the 

owner. Therefore, they need specific criteria of classification and special attention when 

comparing them to the large dams.  

The results presented here can be used in a simple, direct and low-cost way for 

readjustment and regularization of small dams, ranking them in terms of their criticality. 

Finally, it is worth remembering that it is necessary for joint actions by the owner, public 

authorities and the community to guarantee the safety of these structures and their surroundings.  
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SUPPLEMENTARY MATERIAL 

Table 2. Classification of Associated Potential Damage (DPA). 

Classification of Associated Potential Damage - DPA (Water Accumulation) 

Total Reservoir 

Volume (a) 

Potential for loss of human 

life (b) 
Environmental Impact (c) Socio Economic Impact (d) 

Small ≤= 5 

million m³ (1) 

NONEXISTENT 

(There are no 

permanent/resident or 

temporary/transiting people 

in the affected area 

downstream of the dam) 

(0) 

SIGNIFICANT 

(Affected area of the dam 

does not represent an area 

of environmental interest, 

areas protected in specific 

legislation or is totally 

deprived of its natural 

conditions) (3) 

NONEXISTENT 

(There are no navigation 

facilities and services in the 

area affected by the dam 

accident) (0) 

Medium 5 

million to 75 

million m³ (2) 

LESS COMMON 

(There are no people 

permanently occupying the 

affected area downstream of 

the dam, but there is a side 

road for local use) (4) 

VERY SIGNIFICANT 

(Affected area of the dam 

has relevant 

environmental interest or 

is protected in specific 

legislation) (5) 

LOW 

(There is a small 

concentration of residential 

and commercial, 

agricultural, industrial or 

infrastructure facilities in the 

affected area of the dam or 

port facilities or navigation 

services) (4) 

Large 75 

million to 200 

million m³ (3) 

FREQUENT 

(There are no people 

permanently occupying the 

affected area downstream of 

the dam, but there is a 

municipal, state, federal or 

other local road and/or 

enterprise for the eventual 

permanence of people who 

could be affected) (8) 

  

HIGH 

(There is a large 

concentration of residential 

and commercial agricultural, 

industrial, infrastructure and 

leisure and tourism services 

in the affected area of the 

dam or port facilities or 

navigation services) (8) 

Very Large > 

200 million m³ 

(5) 

EXISTING  

(There are people 

permanently occupying the 

affected area downstream of 

the dam, therefore, human 

lives could be harmed) (12) 

    

APD = ∑ (a to d) 

Source: CNRH (2012). 
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ABSTRACT 
The objective of this research was to characterize the distribution of dissolved nutrients at 

six sampling stations in the estuary of the Anil River (ARE) and characterize the bottom 

sediment. The study area is influenced by a tropical climate and semidiurnal macrotidal regime. 

Sampling of the surface water and sediment was performed in the main channel at six sampling 

stations distributed along the estuary in the rainy period (May 9th) and dry period (October 5th) 

during the spring. Physical variables were collected with the aid of a HANNA HI-8424 multi-

parameter probe (water temperature, salinity, pH, dissolved oxygen, and turbidity) and YSI 

CTD (conductivity, temperature, and depth) probe. A van Veen dredge was used for the 

collection of bottom sediment from the main channel. The sedimentological results were 

heterogeneous. Grain size ranged from very fine to medium sand. Dissolved nutrients in the 

ARE had different sources depending on the season. Continental and fluvial inputs, evidenced 

by salinity values, governed the distribution of nutrients in the rainy period (January to June), 

whereas nutrient concentrations were related to the recycling of organic material in the estuary 

in the dry season (July to December). The considerable presence of sand in the main channel 

indicates that the sediments available in ARE are exposed to intense hydrodynamics. The 

distribution of nutrients and the grain size revealed the occurrence of different sources in the 

estuary according to the rainfall regime and the intense hydrodynamics of tidal currents 

(semidiurnal macrotidal). 
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Distribuição das variáveis físicas e químicas na coluna d'água e 

caracterização do sedimento de fundo em um estuário de macromaré 

da costa amazônica do estado do Maranhão, Brasil 

RESUMO 
O objetivo desta pesquisa foi caracterizar a distribuição dos nutrientes dissolvidos em seis 

estações de amostragem no estuário do rio Anil (ERA) e caracterizar o sedimento de fundo. A 

área de estudo é influenciada por um clima tropical e regime macromarés semidiurnas. A 

amostragem das águas superficiais e sedimentos foi realizada no canal principal em seis 

estações de amostragem distribuídas ao longo do estuário no período chuvoso (09 de maio) e 

seco (05 de outubro) durante a primavera. Variáveis físicas foram coletadas com o auxílio de 

uma sonda multiparâmetro HANNA HI-8424 (temperatura da água, salinidade, pH, oxigênio 

dissolvido e turbidez) e sonda YSI CTD (condutividade, temperatura e profundidade). Uma 

draga van Veen foi usada para a coleta de sedimentos de fundo do canal principal. Os resultados 

sedimentológicos foram heterogêneos. O tamanho do grão variou de areia muito fina a média. 

Os nutrientes dissolvidos no ERA tinham fontes diferentes dependendo do período sazonal. 

Insumos continentais e fluviais, evidenciados pelos valores de salinidade, governaram a 

distribuição dos nutrientes no período chuvoso (janeiro a junho), enquanto as concentrações 

dos nutrientes foram relacionadas à reciclagem da matéria orgânica no estuário na estação seca 

(julho a dezembro). A presença de areia no canal principal indica que os sedimentos disponíveis 

no ERA estão expostos a uma hidrodinâmica intensa. A distribuição dos nutrientes e o tamanho 

do grão revelaram a ocorrência de diferentes fontes no estuário de acordo com o regime de 

chuvas e a intensa hidrodinâmica das correntes de maré (macromarés semidiurnas).  

Palavras-chave: ambiente estuarino, nutrientes dissolvidos, sedimentologia. 

1. INTRODUCTION 

The northern coastal zone of Brazil is home to a combination of high-generation 

ecosystems of considerable environmental importance, the diversity of which is characterized 

by the transition between terrestrial and marine environments. The region between the states of 

Pará (PA) and Maranhão (MA) has one of the largest contiguous areas of mangroves in the 

world (700,000 ha) (Asp et al., 2018). The presence of mangroves exerts a direct influence on 

the dynamics of sediments in estuaries and the coastal zone (Mazda et al., 1995; McLachlan et 

al., 2020). 

Estuaries are transition regions between rivers and the ocean characterized by gradients of 

salinity and density associated with the turbulent mixture of river water and seawater (Pritchard, 

1955). The origin and evolution of most modern estuaries are related to the last marine 

transgression, which flooded extensions of river valleys carved during the last glacial stage, 

enabling the development of a broad accommodation space behind the coastline (Dalrymple, 

1992). 

Estuaries retain matter and particles originating from the continent to the adjacent marine 

environment, such as dissolved nutrients, which originate mainly from sedimentary rock. The 

continent is the main source of these elements in estuarine environments (Barcellos et al. 2012; 

Wolanski and Elliott, 2015).  

Water quality in estuaries is evaluated mainly through measurements of dissolved oxygen, 

salinity, turbidity, temperature, and nutrient status (Onabule et al., 2020). Urban wastewaters 

and other byproducts lead to an increase in nutrient content, causing serious environmental, 
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biological, and socioeconomic impacts on water systems and local populations (Esteves, 2011). 

Coastal and estuarine sediments are transported by rivers to other water bodies or the 

adjacent ocean. The distribution of these sediments at a given point is important to the 

monitoring of possible sources of contamination. The behavior of the mud fraction of sediment 

is nearly always associated with substances that aggregate together, such as organic matter, as 

well as diffuse urban and agricultural inputs (Veronez et al., 2009). Estuarine systems may 

undergo a reduction in depth in response to three depositional processes: the entrance of sand 

and other marine sediments, the increase in sand deltas at the mouth of the river, and the 

aggregation of mud throughout the entire central portion of the estuary.   

The Anil River Estuary (ARE) is located in a largely urban area (65.2% of the sub-basin) 

and has a population of 250 thousand residents along its drainage basin, of the metropolitan 

region of São Luís, capital of the state of Maranhão, Brazil. The ARE is characterized by 

deforestation and the filling of mangroves for the construction of shanties as well as the 

discharge of domestic and hospital waste (Santos et al., 2019). Studies aimed at understanding 

the dynamics of physical, chemical, and sedimentary variables make an important contribution 

to knowledge on estuarine systems and variations in these systems in terms of the distribution 

of sedimentary and physical characteristics (Serejo et al., 2020). 

Serra et al. (2003) analyzed physical and chemical variables and nutrient concentrations in 

the ARE and demonstrated a critical situation in terms of the environmental and sanitary aspects 

of the estuary through microbiological evaluations and environmental variables. Martins and 

Lopes (2009) demonstrated the existence of the discharge of wastewaters from a medication 

industry in the proximities of the ARE as well as the occurrence of a hospital that discharges 

its effluents into the estuary without prior treatment, stressing that such irregularities constitute 

a risk to the river population that consumes fishes and crustaceans collected from the estuarine 

environment.  

As estuaries serve as sources of matter and particles for the adjacent ocean, sediments, with 

the influence of biogeochemical cycles, are the main lodging compartment of these materials 

of a terrestrial origin, such as dissolved nutrients. Therefore, the aim of this work was to better 

understand the distribution of physical and chemical variables and dissolved nutrients in the 

water column as well as to characterize the bottom sediment and its concentrations of organic 

matter in a macrotidal estuary in the equatorial region of the Brazilian Amazon. 

2. MATERIAL AND METHODS 

2.1. Study Area 

The study area was the Anil River Estuary (ARE), which is located in the northwestern 

quadrant of São Luís Island in the central portion of the Maranhão Gulf composed of the 

municipalities of Paço do Luminar, São Luís, São José de Ribamar, and Raposa. The drainage 

basin of the Anil River has an area of 40.77 km2, perimeter of 33.39 km, and length of 13.08 

km (Alcântara, 2004; Cruz et al., 2020). 

Records in the literature describe a dynamic estuarine environment, with circulation 

determined mainly by the semidiurnal macrotidal regime, with the occurrence of two low tides 

and two high tides per day, with an average of 6.6 m at high tide, reaching approximately 7.0 

m in height during equinoctial tides. The tidal current reaches 2.5 m s-1 and wave heights are 

between 0.6 and 1.4 m (El-Robrini et al., 2006). Feitosa (1989) calculated that the river has an 

outflow of approximately 15 m3 s-1 in the rainy period and 1 m3 s-1 in the dry period.  

Mean annual precipitation in the drainage basin is on the order of 1900 mm and the region 

is marked by two distinct, non-homogenous periods: a rainy period from January to June and a 

dry period from July to December, both of which are influenced by the position of the 

Intertropical Convergence Zone. Mean annual temperatures are typical of equatorial regions 

and range from 26 to 29°C (INMET, 2020). 
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Geomorphologically, the Anil River Basin is part of the fluvial-marine plain of the 

Maranhão Gulf. Stratigraphically, the basin has sequences of the Itapecuru Formation (formed 

during the Cretaceous), subdivided into the Psammitic Lower Member and Alcântara Upper 

Member, composed generally of sandstone, mudstone, shale, and limestone. The sediment is 

composed of clay, silt, very fine sand, and limestone (Corrêa-Martins, 2019). 

2.2. Water sampling and analysis 

Sampling of the surface water and sediment was performed in the main channel at six 

sampling stations distributed along the estuary (Figure 1) in the rainy period (May 9th) and dry 

period (October 5th) during the spring tide cycle in flood tide. 

 
Figure 1. Location of sampling stations (S1 to S6) in Anil River Estuary.  
Source: Google Earth Pro and IBGE. 

Rainfall data for the city of São Luís were obtained from the historical databank of the 

Instituto Nacional de Meteorologia (INMET [National Meteorology Institute]). In the field, data 

on the water depth, temperature, and salinity were determined using a CTD (conductivity, 

temperature, and depth) device (YSI CastAway®) for salinity the resolution is 0.01, accuracy 

of ±0.01 and for the temperature the resolution is 0.01°C and ±0.05 accuracy. Salinity was 

converted into g kg-1 in accordance with the 2010 International Thermodynamic Equation of 

Seawater - TEOS 10 (http://www.teos10.org/).  

Water transparency was measured with the aid of a Secchi disc using the light extinction 

coefficient suggested by Poole and Atkins (1929) (Equation 1): 

k = 1.7.d−1

Zeu=4.7.K−1               (1) 

In which k is the light extinction coefficient, d is the depth of disappearance of the Secchi 

disc in meters, and Zeu is the depth of the layer of up to 1% of incident light, which corresponds 

to the water transparency value. 
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The potential of hydrogen (pH) was measured using the HANNA HI-8424 probe, which 

was previously calibrated with solutions of pH 4, 7, and 10, accuracy of ±0.01 and range -2.00 

to 16.00. In the laboratory, turbidity was measured using a previously calibrated HACH model 

DR/2000 spectrophotometer with an accuracy of ± 2%, detection limit of 1. Dissolved oxygen 

(DO) was determined based on the Winkler method (1888), as described in Strickland and 

Parsons (1972). The saturation percentage of dissolved oxygen (%DO) was calculated using 

the table proposed by Aminot and Chaussepied (1983).  

Total suspended solids (TSS) were determined by gravimetry using the methods 

recommended by Strickland and Parsons (1972) and (APHA et al., 2012). Suspended organic 

matter (OM) was determined using the filter combustion method according to (APHA et al., 

2012). Dissolved nutrients, phosphate, and silicate were determined using the colorimetric 

method described in Strickland and Parsons (1972) and (Grasshoff et al., 1983) with the 

spectrophotometer (CARY 300 Conc UV-Visible Spectrophotometer, Agilent Technologies, 

California, USA). These methods have precision of ± 0.01 µmol L-1 for phosphate and ± 0.1 

µmol L-1 for silicate, the samples were filtered through 0.45 μm Millipore cellulose acetate 

filters. The data were normalized and submitted to multivariate analysis using principal 

component analysis (PCA) to determine correlations between variables in each sampling 

campaign.  

The QGIS 3.10.10 LTR program was used for the interpolation and mapping of the data. 

Interpolation is a procedure by which the values of the cells at the measured sites can be 

predicted with the aid of the surrounding cells (Childs, 2004). The interpolation method 

employed was Inverse Distance Weighting (IDW) (Watson and Philip, 1985; Childs, 2004; 

Gobler et al., 2019). 

2.3. Surficial sedimentology 

Bottom sediment samples from the main channel were collected using a van Veen grab 

sampler. The grain size distribution was analyzed by sifting (sand fraction) and sedimentation 

in columns based on Stokes’ law (mud fraction). Preprocessing of the samples included the 

removal of salt by washing with freshwater. Granulometric analyses were performed following 

the method described by Folk and Ward (1957), using the sifting and pipetting technique. Total 

organic matter (OM) in the sediment was determined following the method described by Wetzel 

(1975) based on the difference in dry weight.  

The SysGran 3.0 program (De Camargo, 2006) was used for the processing of the 

granulometric data following the method described by Folk and Ward (1957). The parameters 

considered in the statistical analyses were mean, median, selection (standard deviation), 

asymmetry, and kurtosis as well as the classification according to (Wentworth, 1922). The 

Pejrup diagram (Pejrup, 1988) was used to classify sediments according to hydrodynamic 

conditions. 

3. RESULTS AND DISCUSSION 

3.1. Climate conditions 

Monthly rainfall (mm) was lower than the historical average during the collections in May 

(Rainy season) and October (Dry season) of 2016 (Figure 2a and b). 

The Intertropical Convergence Zone (ITCZ) is a large-scale tropical system and the main 

determinant of rains in northern Brazil, especially in the first semester of the year (Molion, 

1987). Climatic events such as El Niño and La Niña produce anomalous convections and high 

levels of divergence, causing anomalies in sea surface temperature in the equatorial Atlantic 

Ocean, which consequently cause significant rainfall anomalies in the northeastern region of 

Brazil (Pezzi and Cavalcanti, 2001; Andreoli and Kayano, 2006). The rainfall regime in 

northeastern Brazil is also influenced by the Atlantic Meridional Mode, Intertropical 
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Convergence Zone, and high-level cyclones cyclonic vortices (Nobre and Shukla, 1996; 

Coutinho et al., 2010). 

 
Figure 2. Rainfall in São Luís – MA. (a) Comparison of historical average rainfall (mm) from 1961 to 

2016; (b) Rainfall days prior to sampling campaigns in Anil River Estuary (ARE). 

3.2. Physical and chemical characterization 

The hydrological and hydro chemical variables of the water surface of the ARE in the rainy 

period (May 2016) and dry period (October 2016) are displayed in Table 1 as well as Figures 3 

(a-d), 4 (a-f), and 5 (a-f).  

The depth stations in the ARE ranged spatially from 1.16 to 5.85 m during the rainy period 

and 2.19 and 6.66 m during the dry period. Water transparency ranged from 0.19 to 1.41 m in 

the rainy period and 0.68 to 1.60 m in the dry period. Surface temperature ranged from 28.41 

to 29.87°C in the rainy period and 28.17 to 28.91°C in the dry period (Table 1 and Figure 3a). 

Salinity ranged from 3.94 to 29.17 g kg-1 in the rainy period and 18.33 to 34.37 g kg-1 in the dry 

period (Table 1; Figures 4a and 5a). Conductivity at the surface of the estuary ranged from 7.64 

to 49.29 mS cm-1 in the rainy period and 31.80 to 55.40 mS cm-1 in the dry period (Table 1; 

Figure 3b). The pH ranged from 7.98 to 8.35 in the rainy period and 7.85 to 8.22 in the dry 

period (Table 1; Figure 3c).  

Dissolved oxygen (DO) exhibited a gradient from the upper zone of the river to the mouth 

of the estuary, with differences among the sampling stations, ranging from 1.53 to 4.67 mg L-1 

in the rainy period and 0.49 to 4.93 mg L-1 in the dry period (Table 1; Figures 4b and 5b). 

Dissolved oxygen saturation (%DO) ranged from 29 to 103% in the rainy period and 10 to 

109% in the dry period (Table 1). Turbidity ranged from 18 to 65 NTU in the rainy period and 

19 to 93 NTU in the dry period (Table 1; Figure 3d). Concentrations of total suspended solids 

(TSS) ranged from 54.33 to 123.33 mg L-1 in the rainy period and 46.00 to 156.67 mg L-1 in the 

dry period (Table 1; Figures 4c and 5c).  

The concentration of suspended Organic Matter (OM) ranged spatially from 16.67 to 30.50 

mg L-1 in the rainy period and 15.00 to 43.00 mg L-1 in the dry period (Table 1; Figures 4d and 

5d). The percentage (%) of suspended OM in TSS ranged from 20 to 52% in the rainy period 

and 27 to 52% in the dry period. Concentrations of suspended OM did not differ among 

sampling stations in the rainy period, whereas higher values were found upstream in the estuary 

in the dry period. 

The concentration of silicate in the surface water ranged spatially from 10.58 to                          

14.34 µmol L-1 in the rainy period and 5.13 to 9.10 µmol L-1 in the dry period (Table 1; Figures 

4e and 5e). The concentration of dissolved inorganic phosphate ranged from 0.13 to 0.65 µmol 

L-1 in the rainy period and 0.13 to 2.19 µmol L-1 in the dry period, with the highest value found 

at S2 in the dry period (Table 1; Figure 4f and 5f). 
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Table 1. Hydrological and hydro-chemical variables in Anil River Estuary. 

Period May 9th, 2016 – Rainy Season October 5th, 2016 – Dry Season 

Sampling station S1 S2 S3 S4 S5 S6 S1 S2 S3 S4 S5 S6 

Transparency (m) 0.19 0.41 1.38 1.35 1.41 1.35 0.68 0.73 1.41 1.60 1.30 1.52 

Depth (m) 1.16 2.54 5.85 4.75 5.16 4.59 2.19 2.84 6.66 3.21 4.64 4.71 

Temperature (°C) 28.41 29.04 29.37 29.67 29.70 29.87 28.85 28.91 28.21 28.17 28.19 28.30 

Salinity (g kg-1) 3.94 13.43 27.58 28.63 28.86 29.17 18.33 29.14 33.69 34.27 34.41 34.37 

Cond. (mS cm-1) 7.64 24.04 46.43 48.29 48.67 49.29 31.80 48.37 54.37 55.14 55.35 55.40 

pH 8.03 7.98 8.21 8.26 8.35 8.24 7.85 8.11 8.16 8.18 8.22 8.16 

DO (mg L-1) 1.53 3.15 4.39 4.46 4.67 4.47 0.49 4.84 4.61 4.81 4.84 4.93 

DO (%) 28.65 72.34 95.43 99.77 102.75 98.34 10.00 104.64 101.99 106.41 107.00 109.00 

Turbidity (NTU) 50.00 28.00 18.00 65.00 57.00 65.00 61.00 93.00 23.00 19.00 25.00 19.00 

TSS (mg L-1) 59.17 74.17 54.33 123.33 118.67 112.33 82.33 156.67 48.22 60.50 46.00 50.33 

Susp.OM (mg L-1) 30.50 23.50 16.67 25.67 23.50 28.67 43.00 42.33 26.17 21.17 15.00 19.50 

Susp. OM (%) 52.00 33.00 31.00 21.00 20.00 26.00 52.00 27.00 52.00 36.00 33.00 39.00 

Silicate (µmol L-1) 14.01 14.34 12.36 10.58 11.73 11.42 5.81 5.13 6.19 7.86 8.55 9.10 

Phosphate (µmol L-1) 0.65 0.14 0.18 0.13 0.15 0.15 2.19 1.08 0.28 0.22 0.15 0.13 

OM in sediment (%) 3.86 2.84 1.09 4.54 4.83 4.48 0.71 1.54 0.29 11.89 2.7 1.57 
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Figure 3. Distribution of physical and chemical variables in Anil River Estuary. (a) Temperature 

(°C); (b) conductivity (mS cm-1); (c) pH; (d) turbidity (NTU). 

 

Figure 4. Spatial distribution of hydrological and hydro-chemical variables in surface water of ARE 

in rainy period (May). (a) Salinity; (b) dissolved oxygen; (c) total suspended solids; (d) suspended 

organic matter; (e) dissolved silicate; (f) dissolved inorganic phosphate. 
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Figure 5. Spatial distribution of hydrological and hydro-chemical variables in surface water of ARE 

in dry period (October). (a) Salinity; (b) dissolved oxygen; (c) total suspended solids; (d) suspended 

organic matter; (e) dissolved silicate; (f) dissolved inorganic phosphate. 

In the PCA of the rainy period (Figure 6a), the first two components explained 92% of the 

total variance in the data: Factor 1 explained 70.5% and Factor 2 explained 21.5%. Factor 1 

was directly correlated with transparency (transp.), temperature (temp.), salinity (sal.), pH, DO, 

and TSS, and inversely correlated with silicate and phosphate. Factor 2 was inversely correlated 

with turbidity and suspended OM. 

For the dry period (Figure 6b), the first two axes explained 93.1% of the total variance in 

the data: Factor 1 explained 71% and Factor 2 explained 22.1%. Factor 1 was directly correlated 

with transparency, salinity, conductivity, pH, DO, %DO, and silicate, and inversely correlated 

with temperature, turbidity, TSS, suspended OM, and phosphate. Factor 2 was inversely 

correlated with the percentage of suspended OM. 

Water temperature varied little between campaigns (maximum range: 1.7°C). This 

temperature distribution shows considerable thermal stability in the region, with no large 

changes in water temperature due to the proximity to the equator. In studies on a macrotidal 

estuary in the coastal zone of northern Brazil, Monteiro et al. (2015) found temperatures ranging 

between 28.52 and 29.35°C in the transition period between the rainy and dry seasons. 

Salinity was predominantly influenced by the inflow and outflow of marine waters in the 

estuary, with an increasing gradient in the downstream direction. The lowest salinity was found 

at S1 in the rainy period due to the increase in river discharge in this period, as reported by 

Feitosa (1989), which facilitates the dilution of saline ions in the water, reducing salinity in the 

upstream portions of the estuary. Higher salinity values were found in the dry period, when 

river discharge is diminished due to the low rainfall, facilitating the penetration of marine 

waters, evaporation processes also increase the salinity values inside the estuary. In studies 

conducted in São José Bay in the coastal zone of the state of Maranhão, Serejo et al. (2020) 

measured salinity ranging from 18.20 to 32.50 g kg-1, reporting lower values at low tide and 

higher values at high tide due to the input of marine waters in the estuary.  
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Figure 6. Principal component analysis of hydro chemical variables studied in ARE. (a) rainy period 

(May); (b) dry period (October). 

The growth of the population of the capital of the state of Maranhão in the last 30 years, 

deforestation, and the irregular occupation of regions near the airport Marechal Cunha Machado 

in the Tirirical neighborhood resulted in the burying of creeks and swamps that were previously 
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considered springs of the Anil River. This led to a 21 km reduction in the course of the river, 

diminishing its discharge, which facilitates the entrance of marine waters (Cruz et al., 2020). 

The pH values in the ARE were similar to those normally found at the surface of sea water, 

with a slight reduction toward the upstream sites (S1 and S2) due to the input of river water, 

which has more acid pH. Corrêa et al. (2019) recorded pH higher than 8.0 for the coast of the 

state of Maranhão, attributing these values to the direct influence of macro-tides in the region. 

The pH in the ERA can also be altered by factors such as photosynthesis and decomposition of 

organic matter (Santos et al., 2020). 

Higher DO values were found in the dry period, along with an increasing gradient in the 

downstream direction, indicating a greater marine influence. Marine waters have higher 

concentrations of DO and the daily variation in tides intensifies the hydrodynamics of the 

estuary, which facilitates gas exchange with the atmosphere. The ARE was generally 

characterized as oxygen saturated and its DO values are not limiting for aquatic organisms. The 

exception was S1, which had the lowest values in both campaigns. This may be associated the 

continuous input of domestic wastewaters, generating high oxidation of organic matter, which 

decomposes through a chemical process or microbial action (aerobic bacteria), increasing the 

oxygen demand and reducing the concentration of dissolved oxygen (Moruzzi and Reali, 2012; 

Onabule et al., 2020). 

Turbidity was greatest downstream in the estuary in the rainy period, which may be related 

to the greater terrestrial and/or freshwater input due to the contributions of the tributaries of the 

Anil River and the presence of mangroves near the sampling stations. Lajaunie-Salla et al. 

(2017) affirms other factors that influence the distribution of turbidity in estuaries are primary 

productivity, the input of domestic and industrial wastewaters, as well as dissolved organic and 

particulate matter. 

Concentrations of TSS were greater downstream in the rainy period. These values be 

associated with the deforestation of the mangroves, which are cut and removed for the sale of 

wood and the fabrication of charcoal on the right margin of the channel. Another determinant 

of higher TSS concentrations is the turbulence generated by the movement of the tides. Lower 

concentrations of TSS were found in the dry period, when the freshwater input is diminished 

and the estuary is influenced more by marine waters, which have lower concentrations of 

suspended particulate matter. In studies on a macrotidal estuary in the state of Maranhão, Santos 

et al. (2020) report that the tide plays an important role in the dynamics of the sediments and 

concentrations of TSS at the surface. The movements of the tide re-suspend fine sediments, 

increasing concentrations of TSS in the water column as well as controlling the distribution and 

reworking of bottom sediments. 

The concentration of suspended OM in the TSS was slightly higher in the dry period, but 

with no substantial differences between campaigns. The highest concentrations were found at 

the upstream stations (S1 and S2), which may be related to the input of domestic and industrial 

wastewaters, the low transport capacity of the Anil River in the dry period, or even the death of 

phytoplankton. Studying São Marcos Bay, Corrêa et al. (2019) associated suspended OM 

values with the greater consumption, decomposition, and transport of organic matter in the rainy 

period as well as the high evaporation rate in the dry period, with a consequent increase in 

dissolved organic matter.  

Concentrations of inorganic silicate were higher in the rainy period, with a maximum 

concentration of 14.34 µmol L-1. These values are attributed to the process of lixiviation of the 

crust of the Earth, which intensified in this period, carrying terrigenous materials into the 

estuary. The high concentrations of silicate in the ARE are the result of the movement of the 

tides on the mangrove plains, causing the re-suspension of fine sediment.  

The intensive hydrodynamics and shallow depth of the estuarine region facilitate the re-

suspension of bottom sediment in the main channel, which also releases silicate into the water 
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column (Rollnic et al., 2018). Domestic and industrial sewage, the removal of mangrove 

vegetation, and the death of phytoplankton (i.e. degradation of organic matter) are also sources 

of this nutrient for the aquatic environment. 

The low silicate concentrations found in the dry season are associated with the reduced 

capacity to transport terrigenous material to the water column as well as the reduction in the 

transport of domestic and industrial effluents. Cavalcanti et al. (2020) found silicate 

concentrations ranging from 0.95 to 3.61 µmol L-1 in the estuary of the Paciência River in São 

Luís, Maranhão. 

Concentrations of inorganic phosphate were mainly influenced by the dynamics of the 

ARE, which mobilizes the bottom, re-suspending particles in the water column and making 

phosphorus available. In high concentrations, phosphates lead to the considerable production 

of organic matter, causing the eutrophication of the environment. The high temperatures in 

equatorial ecosystems lead to the rapid assimilation and incorporation of phosphate and 

biomass for the composition of ATP molecules, leading to a very low concentration of this 

nutrient in the environment.  

Physical and chemical variables, such as aluminum, sulfide, organic compounds, 

carbonates, pH, redox conditions, and the concentration of iron ions, affect the precipitation of 

phosphate ions in the aquatic environment. In environments with a high pH, calcium can 

directly influence the adsorption of phosphate to suspended particulate matter. The phosphate 

ion is precipitated as calcium phosphate or adsorbed to calcium carbonate crystals (Fenzl and 

Ramos, 1986; Alvarez et al., 2016).  

The principal component analysis revealed positive correlations between salinity and 

transparency, temperature, pH, DO, and TSS (Factor 1) in the rainy period, showing that the 

entrance and exiting of marine waters in the ARE exerts a direct influence on these variables, 

which, in turn, are inversely associated with the distribution of dissolved phosphate and silicate. 

This suggests the following sources of nutrients: the continent, the Anil River itself (the 

discharge of which has increased in this period), and/or the input of domestic/industrial 

wastewaters to the estuary. Factor 2 revealed a negative correlation between suspended OM 

and turbidity, indicating that these variables are likely influenced by the high content of organic 

matter from domestic and industrial wastewaters, lixiviation of the continental crust, the re-

suspension of the bottom sediment due to the intense dynamics as well as the shallow depth of 

the canal, and/or primary production. 

In the PCA of the dry period, Factor 1 revealed significant positive correlations among 

temperature, turbidity, suspended OM, phosphate, and TSS resulting from the increase in the 

transport of sedimentary material in the estuary (rainfall, lixiviation, and turbulence), which is 

typical of waterways (Ludwig and Probst, 1998). The increase in processes of oxidation leads 

to the release of phosphorus into the water column, demonstrating that the origin of dissolved 

phosphate in this period is related to the high organic matter content (suspended OM).  

The following variables exhibited negative correlations: salinity, transparency, 

conductivity, pH, DO, and silicate. This indicates that these variables are governed by marine 

forces. The influence of salinity on silicate indicates the possibility of organic matter oxidation 

processes, which remineralize phosphate and silicate, replacing them into the water column in 

their dissolved form. Factor 2 suggests that TSS was not influenced by other variables and was 

associated with the re-suspension of the bottom sediment caused by the movement of the tides 

(intensified by the shallow depth of the estuary), erosion of the banks, or the input of domestic 

sewage. 

3.3. Grain size characterization 

The sedimentological analyses revealed the mean distribution of grain size among the 

sampling stations, the average grain size and grading are hydraulically regulated parameters 

(Saha and Sinha, 2021). In the rainy period, S1 had fine sand, S2 and S3 had medium sand, and 
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S4, S5, and S6 had very fine sand. Regarding selection in the same period, S1, S5, S6 were 

classified as poorly selected, S2 was classified as moderately selected, S3 was classified as well 

selected, and S4 was classified as very poorly selected. The percentage of clay was generally 

low, as shown on the cumulative frequency curve (Table 2).  

In the dry period, S1, S2, and S3 were classified as having medium sand, S5 and S6 had 

very fine sand, and S4 was classified as having fine silt, as shown on the cumulative frequency 

curve. A low percentage of clay was also found in this period (Table 2). Moreover, S1 was 

classified as moderately selected, S2, S4, and S5 were classified as poorly selected, and S3 and 

S6 were classified as well selected. 

The granulometric distribution in the sediment samples from the main channel of the ARE 

was heterogeneous, with sand predominantly. Grain size ranged from clay to gravel, with a 

predominance of sand. The samples in the rainy season ranged from medium to very fine sand. 

The samples in the dry period ranged from medium sand to fine silt. 

Table 2. Percentage of grain size in bottom sediment of Anil 

River Estuary. Rainy period (1st campaign) and dry period 

(2nd campaign). 

Season Station % Gravel % Sand % Silt % Clay 

Rainy 

S1 0.44 82.46 16.37 0.73 

S2 0.68 99.32 0.00 0.00 

S3 0.57 99.43 0.00 0.00 

S4 0.83 57.14 39.06 2.97 

S5 0.03 83.08 16.80 0.10 

S6 0.48 81.05 18.23 0.23 

Dry 

S1 0.00 100.00 0.00 0.00 

S2 0.00 86.02 12.88 1.10 

S3 0.00 100.00 0.00 0.00 

S4 0.00 8.68 89.68 1.64 

S5 0.09 79.06 18.28 2.58 

S6 0.00 84.62 14.06 1.32 

The samples were classified as well selected to very poorly selected in the rainy period and 

well selected to poorly selected in the dry period due to the presence of mud and sand at some 

stations, especially S4, confirming heterogeneity. The samples had gravel-sized grains 

composed of biogenic material of a marine origin (carbonates) and terrestrial origin (leaf debris 

and other organic compounds), especially in the rainy period. 

The percentage of total organic matter in the sediment is shown in Table 1. The maximum 

throughout the study was 11.89% at S4 in the dry period and the minimum was 0.29% at S3 

also in the dry period. 

The results of the grain-size analysis were plotted on the Pejrup diagram (Pejrup, 1988) 

and are shown in Figures 7a and 7b (rainy period and dry period, respectively). The samples 

were grouped in Area IV, with the classification defined as very high hydrodynamics. 

Moreover, spatial variations were found as a result of the percentage of sand and silt in the 

samples. 
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Figure 7. Pejrup diagram of samples collected from Anil River Estuary showing hydrodynamic 

conditions in the study area. (a) Rainy period (1st campaign); (b) dry period (2nd campaign). 

During the rainy period (Figure 7a), the majority of samples belonged to the IV-B Group, 

corresponding to sediments that contain 50 to 90% sand. During the dry period (Figure 7b), the 

majority of samples also belonged to the IV-B Group, whereas one station (S4) was classified 

in the IV-C Group due to the high percentage of silt (89.68%) deposited under conditions of 

low hydrodynamics. 

The Pejrup diagrams (Pejrup, 1988) show that the study area is characterized as a region 

of very high hydrodynamics in both periods. Regions with high hydrodynamic energy, such as 

estuaries, have a poor selection of grains, impeding the sedimentation of finer particles, which 

are only deposited in low-energy environments. In estuary and river environments, sediments 

can flow toward the land or the sea, with changes in magnitude and direction with time due to 

the position of the estuary, changes in tidal or wave dynamics, freshwater discharge, and 

meteorological phenomenon (French et al., 2008; Moskalski et al., 2020). 

Although the Pejrup diagram (1988) classified the study area as having high 

hydrodynamics, the granulometric analysis of the region shows the role of the mangroves 

through the occurrence of silt at some stations in the ARE. The duration between tides in the 

estuary is not sufficient for the substantial deposition of clay, which requires more than 60 hours 

(Folk and Ward, 1957). Thus, the granulometry is influenced by the tidal currents, leading to a 

predominant classification of sand. 

The low presence of clay in both periods shows that smaller particles (silt and clay) may 

comprise the suspended solids in the water, which are remobilized from the bottom sediment 

of the main channel and the banks due to the intense local hydrodynamics (Brito et al., 2009). 

The effect of the tide maintains part of the sediment from the mangroves in suspension during 

the incoming tide, which is deposited in the main channel during the slack water period and can 

be re-suspended by the subsequent tide (McLachlan et al., 2020). 

The samples had a similar behavior in the dry period compared to the rainy period, but S1 

and S4 exhibited different distribution between collection periods, changing from fine sand in 

the rainy period to medium sand in the dry season at S1 and from very fine sand in the rainy 

period to fine silt in the dry period at S4. These changes may be related to the autochthonous 

sources of the sediment, such as fine sediments originating from the mangroves, the high 

dynamics of particles deposited on the bottom by tidal currents, the input of domestic 

wastewaters at particular points, together with the low fluvial dynamics, which are determinants 

of the deposition of fine sediments. Changes in the granulometry of the samples at the same 

station may occur due to the erosion of the banks and the degradation of riverine forests 

combined with the influence of the intense estuarine dynamics. 

Serejo et al. (2020) found a predominance of silt and showed that the heterogeneity in the 
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granulometric classification and the lack of a spatiotemporal pattern reflected the intense 

dynamics of a macrotidal estuary located in the Amazon region on the coast of the state of 

Maranhão.   

Total organic matter in the surface sediment of the ARE showed that the sediment of the 

main channel generally does not lodge large quantities of OM. In the rainy period, the greater 

river discharge directly influenced the percentage of total OM, exporting this material to 

downstream stations, which had slightly higher percentages. There is also the contribution of 

natural sources related to the muddy sediment eroded from the mangroves due to the strong 

hydrodynamics. As sandy sediments do not aggregate large quantities of OM, the 

hydrodynamics easily export the concentration of OM with each tide cycle.  

The percentages of total OM in the sediment were lower in the dry period compared to the 

rainy period, as the river discharge diminishes and the Anil River is completely influenced by 

tidal currents in this period. The only exception was S4, which had high concentrations of OM 

in the sediments. This is an area of low energy, where fine matter can be deposited and the 

retention of OM can occur. In the ARE, domestic sewage from populous neighborhoods of the 

city of São Luís, such as Liberdade, Fé em Deus, Camboa, and Floresta, as well as the nearby 

hospital discard wastewaters into the estuary channel without previous treatment.  

Human activities contribute to changes in the sediment discharges that enter aquatic 

systems, especially estuaries, which are transitional environments that lodge large quantities of 

particles of a terrestrial and fluvial origin, altering naturally occurring sedimentary processes 

and causing a series of impacts on the environment, such as changes in the typology of the 

bottom sediment, which consequently alter the capacity of the water for retaining chemical 

elements (Grasso and Le Hir, 2019) 

In previous studies in the ARE, Santos et al. (2019) found total OM in the sediment ranging 

from 0.93 to 16.53%, attributing lower values to the high hydrodynamics of the region and 

higher values to low hydrodynamics, which favor the deposition of fine sediments, including 

those rich in OM from the mangroves. The drastic reduction in OM in downstream sediments 

of the ARE is likely related to the shift in hydrodynamics and deposition processes upon 

approaching São Marcos Bay. 

4. CONCLUSIONS 

The Anil River Estuary was characterized as a shallow environment (max.~6m depth) with 

low water transparency strongly influenced by the action of the tides, the re-suspension of 

previously deposited sediments, and the erosion of the banks. As an estuary in an equatorial 

region, the temperature was high, with slight variations among the sampling points, 

characterizing a homogenous environment in thermal terms. 

Salinity was influenced by seasonality, with lower values in the rainy period and higher 

values in the dry period. Conductivity was directly proportional to salinity and was also 

influenced by the flow of marine waters in ARE. The pH was slightly basic and strongly 

influenced by the tides.  

Lower concentrations of dissolved oxygen were found upstream, caused by the oxidation 

of the organic loads that enter the system. Downstream, the estuary was well oxygenated due 

to the dynamic environment with intense gas exchange with the atmosphere and the entrance 

of marine waters. The concentrations of total suspended solids indicated the influence of the 

sampling period, with higher values in the rainy period due to the high rainfall and considerable 

increase in the discharge of the Anil River. Concentrations of suspended organic matter were 

higher upstream, which may be related to the high organic loads stemming from human 

activities, together with the re-mobilization of the bottom sediment and erosion of the banks.  

The distribution of nutrients in the ARE revealed the occurrence of different sources in the 

estuary according to semiannual variability. In the rainy period, dissolved silicate was governed 
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by terrestrial and fluvial influence and concentrations of dissolved phosphates were influenced 

by the increase in fluvial transport. Field observations revealed that the discharge of domestic 

sewage was an important source of this nutrient in both sampling periods. Silicate and 

phosphate indicated having the same source in the dry period, which may be related to the 

recycling of organic matter in the estuary, making dissolved nutrients available to the water 

column. 

The main channel of the ARE had a predominantly sandy typology, with granulometry 

influenced by the high hydrodynamics and semiannual variability in the region. The dynamics 

of the tide controls the typology and selection of grains in the ARE. With the exception of one 

sampling station, the sediment had no organic matter retention capacity due to its sandy 

characteristic and the intense tidal dynamics, which are characteristic of macrotidal estuaries in 

the Amazon region and hinder the sedimentation of fine particles, maintaining a large part of 

this material in the water column and facilitating its exportation outside the estuary. 

The intense hydrodynamics of the tidal currents (semidiurnal macro-tides), which are 

characteristic of the region, prevent the permanence of contaminants in the water, making this 

environment less degraded despite the intense anthropogenic pressures placed on this estuary. 

The present study contributes to the spatialization of the distribution of physical and chemical 

variables and the characterization of the bottom sediment of the Anil River Estuary, broadening 

knowledge on sedimentary typology of an allogenous and autogenous origin. For greater 

conservation of the area studied, we recommend the treatment of wastewaters, the 

establishment of rational land use and occupation policies, including the recovery of areas of 

mangroves that were filled for the building of shanties, and social awareness regarding the 

impacts generated in recent decades to ensure the stability of the natural balance of these areas. 
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