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ABSTRACT 
This study quantified the C content of the chemical and physical fractions of SOM in 

different management systems in an Argisoil of sandy texture. The study was carried out in a 

reference area of Native Forest (NF), and in three managed areas: Permanent Pasture (PP), No-

Tillage System (NTS) and an area of Private Natural Heritage Reserve (PNHR) in the process 

of natural regeneration. Soil samples were collected in the layers 0.0-0.05, 0.05-0.10 and 0.10-

0.20 m. We assessed the soil density (Sd), total organic carbon (TOC) content, chemical 

fractionation of SOM with determination of the C contents of the fulvic acids (FA), humic acids 

(HA) and humin (HUM), with subsequent calculations of the HA/FA ratios, AE/HUM, stock 

(StockC), physical granulometric fractionation and determination of C contents of particulate 

organic matter (C-POM) and carbon management index (CMI). Higher TOC contents were 

observed for the NF area. The C-HA and C-HUM contents were higher in the NF and NTS. NF 

showed higher C-POM levels in all layers evaluated. For the C-MOM, the NTS area was 

superior to the other managed areas. The managed areas had lower StockPOM values than the 

NF. The managed areas had lower CMI values in relation to NF. The NTS area showed that, 

even in crop succession, it contributes to the improvement of the soil organic fraction over the 

adoption time. On the other hand, the areas of PP and PNHR showed that inadequate 

management favors the reduction of edaphic quality. 

Keywords: carbon in soil, carbon management index, chemical fractionation, physical fractionation. 
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Influência do uso e ocupação do solo sob as frações químicas e físicas 

da matéria orgânica em áreas cultivadas e nativa no bioma Mata 

Atlântica 

RESUMO 
O objetivo deste trabalho foi quantificar os teores de C das frações químicas e físicas da 

MOS em diferentes sistemas de manejo em um Argissolo textura arenosa. O estudo foi 

realizado em uma área de referência de Mata Nativa (MN) e três áreas manejadas: pastagem 

permanente (PP), sistema plantio direto (SPD) e área de Reserva Particular de Patrimônio 

Natural em processo de regeneração natural (RPPN). Foram coletadas amostras de solos das 

camadas de 0-0,05, 0,05-0,10 e 0,10-0,20 m. Foi determinado a densidade do solo (Ds) os teores 

de carbono orgânico total (COT) o fracionamento químico da MOS com determinação dos 

teores de C dos ácidos fúlvicos (AF), ácidos húmicos (AH) e humina (HUM), com posteriores 

cálculos das relações AH/AF, EA/HUM, estoque (EstC), fracionamento físico-granulométrico 

e determinação dos teores de C da matéria orgânica particulada (C-MOP) e índice de manejo 

de carbono (IMC). Observou-se maiores teores de COT para a área de MN, especialmente nas 

camadas de 0-0,05 e 0,05-0,10 m. Os teores de C-HUM predominam em relação aos teores de 

C-AH e C-AF. Os teores de C-AH e de C-HUM foram superiores em MN e SPD. A MN 

apresentou maiores teores de C-MOP em todas as camadas avaliadas. Para o C-MOM a área de 

SPD foi superior as demais áreas manejadas. As áreas manejadas apresentaram valores de 

EstMOP inferiores à MN. Nas duas primeiras camadas, a área de MN apresentou maiores 

EstMOM. As áreas manejadas apresentaram valores inferiores de IMC em relação a MN. A 

área de SPD demonstrou que, mesmo em sucessão, contribui para melhoria da fração orgânica 

do solo ao longo do tempo de adoção, se aproximando às condições da MN. Já as áreas de PP 

e RPPN evidenciaram que o manejo inadequado favorece na diminuição da qualidade edáfica. 

Palavras-chave: carbono do solo, fracionamento físico, fracionamento químico, índice de manejo de 

carbono. 

1. INTRODUCTION 

Soil quality (SQ) is complex and is based on its ability to support ecosystem services, 

balancing physical, chemical and biological quality. It is totally dependent on the management 

system adopted and on the relationship between the ecosystem and the environment (Doran and 

Parkin, 1994). Studies on SQ have been improved by several authors, who have developed 

methods and quality indices which allow different applications for different types of soils and 

regions. The indicators applied must be sensitive to the management and use of the edaphic 

environment, being efficient and accurate in identifying changes in soil attributes also in a short 

evaluation period (Aziz et al., 2013; Marques et al., 2015; Magalhães et al., 2016; Lal, 2018). 

Soil organic matter (MOS), by determining the organic carbon content (C), is one of the 

most sensitive indicators to assess changes in the quality of the edaphic environment (Borges 

et al., 2015). In addition, in natural environments the stock of C is in balance between the rates 

of entry and exit, and when they present some type of disturbance that influences litter 

deposition (Barros and Fearnside, 2016), it ends up modifying the dynamics of C stock in these 

areas (Rosset et al., 2014; Loss et al., 2015; Koven et al., 2017). However, in many cases, only 

the quantification of C is not enough to identify possible changes in the quality of the edaphic 

environment (Diniz et al., 2020). 

SOM fractionation techniques are important for evaluation because they are able to express 

changes in the quality of the soil organic fraction (Rosset et al., 2014; 2016), even in a short 

period of time (Loss et al., 2015). This happens because most fractions of SOM are located in 
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different compartments and differ in cycling time, rates of microbial and biochemical 

degradation, accessibility of microorganisms and interactions with the mineral part of the soil 

(Kunde et al., 2016).  

Chemically, SOM is divided into two parts, one composed of the unhumified fraction, 

composed of little decayed plant and animal remains and organic compounds with biochemical 

categories of proteins, sugars, waxes, greases and resins; and the other of humic substances 

(HS). HS are separated into three fractions: fulvic acids (FA), humic acids (HA) and humin 

(HUM); and are differentiated according to their molecular weight, increasingly 

FA>HA>HUM; they are soluble in different pH ranges, among other characteristics. FA are 

soluble in alkaline or acid pH, HA are soluble in alkaline pH and HUM is insoluble in any pH 

range (Benites et al., 2003; Gazolla et al., 2015; Olk et al., 2019). 

The HUM fraction is responsible for the aggregation of mineral particles and, in most 

tropical soils, represents much of the humified C. The HA represent the intermediate fraction, 

between the organic compounds of higher chemical stability (HUM) and the occurrence of free 

oxidized organic acids in the soil solution (FA). The FA have higher solubility, being mainly 

responsible for cation transport mechanisms in the soil, and being the most unstable fraction of 

the humification process (Baldotto and Baldotto, 2014; Lehmann and Kleber, 2015). 

The physical-granulometric fractionation divides the SOM into two organic fractions: 

particulate organic matter (POM), with fractions of more than 53 μm in size and mineral organic 

matter (MOM), with fractions of less than 53 μm in size (Cambardella and Elliott, 1992), with 

subsequent determinations and calculations of their respective C contents (C-POM and C-

MOM). C-POM is sensitive in identifying changes in land use, even within a short period of 

time (Loss et al., 2015; Rosset et al., 2019), whereas C-MOM is less altered by changes in land 

use due to longer cycling time (Bayer et al., 2004). 

Considering the physical fractionation of SOM, the carbon management index (CMI) is 

calculated, which is a relative measure of the impacts of soil management, and combines 

quantitative and qualitative characteristics to analyze the quality of the areas (Blair et al., 1995). 

This method makes it possible to infer whether current management practices are harmful to 

the maintenance of SOM and, consequently, of soil quality over the years of cultivation 

(Conceição et al., 2014; Nanzer et al., 2019). 

Therefore, in addition to the quantification of C, it is important to characterize the quality 

of C stored underground as a consequence of the adoption of different management systems 

under different soil conditions and regional climate. This study therefore evaluated soil quality 

by chemical and physical fractionation of soil organic matter in areas with sandy soil and 

different management systems. 

2. MATERIAL AND METHODS 

2.1. Location, Climate, Soil and History of Study Areas 

Soil samples were collected in different management systems with known history, located 

in the district of Porto Morumbi, municipality of Eldorado, Cone-sul region of Mato Grosso do 

Sul, Brazil (Figure 1). The study areas are located at coordinates 23º48' latitude S and 54º06' 

longitude W, with an average altitude of 272 meters, and located within the Environmental 

Preservation Area (APA) of the Islands and Floodplains of the Paraná River (Ilhas e Várzeas 

do Rio Paraná) (ICMBio, 2019). The climate of the region is subtropical – Cfa, according to 

Koppen classification (Peel et al., 2007) with average temperature of the coldest month between 

14 and 15ºC and rainfall ranging from 1,400 to 1,700 mm per year (Mato Grosso do Sul, 2015).  

Three managed areas and an adjacent reference area (Native Forest - NF - Atlantic Forest 

Vegetation with phyto physiognomy of Semidecidual Seasonal Forest) without anthropic action 

were evaluated. The three managed areas are: permanent pasture with the species Brachiaria 

brizantha (PP), no-tillage system in succession of soybean (summer) and corn crops (second 
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harvest) (NTS), as well as a Private Natural Heritage Reserve in process of natural regeneration 

with secondary vegetation (PNHR) (Table 1).  

 
Figure 1. Experimental location map, with land use and occupation data for the city 

of Eldorado - MS, Brazil. Data  
Source: MapBiomas project (2021). Qgis Development Team (2021). 

Table 1. History and description of the changes in management systems of the different study áreas. 

Area Management history 

PP 

Area of 5 hectares, cultivated with the species Brachiaria brizantha Hochst Stapf cv. MG4 

permanently for 10 years. Area used for grazing cattle with a capacity of 1.2 animal unit 

(AU) ha-1 with visible signs of degradation. 

NTS 

Area of 50 hectares, cultivated under a no-tillage system in succession of soybean 

(summer) and corn (second harvest) crops, and this type of system has been employed in 

the area for the last 10 years. 

PNHR 
Area of 15 hectares. Private Natural Heritage Reserve - Forest remnant of the Atlantic 

Forest biome, degraded area and in process of natural regeneration for 2 years. 

NF 
Area of 20 hectares. Native vegetation of Atlantic Forest - Semidecidual Seasonal Forest. 

Represented in the study as the original condition of the soil, without anthropic action. 

PP: Permanent Pasture, NTS: No-Tillage System, PNHR: Private Natural Heritage Reserve, NF: Native 

Forest. 

All four areas studied are on soil classified as Typical Dystrophic Red Argiole (Santos et 

al., 2018), equivalent Acrisols (IUSS Working Group Wrb, 2015) and Ultisols (NRCS, 2014) 
of sandy texture (Santos et al., 2018), making up four different systems, analyzed in a 

completely randomized design. The use and management of the present study areas are 

displayed in Table 1, and are described according to the chronology of use in Figure 2. 

In each of the four study areas, disturbed soil samples from the 0-0.2 m layer were collected 

for soil physical and chemical characterization analyses (Table 2).
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Figure 2. History of uses and changes in use of areas, with the respective 

implementation dates of each management system: NF: Native Forest; CPS: 

Conventional Preparation System; NTS: No-tillage System; PP: Permanent 

Pasture; PNHR: Private Natural Heritage Reserve. 

Table 2. Physical and chemical attributes of the soil in the 0-0.2 m layer of the four areas studied in the district of 

Porto Morumbi, Eldorado, MS. 

MS Sand Silt Argila pH OM P K Ca Mg Al H+Al SB CEC V 

 g kg-1 CaCl2 g dm-3 mg dm-3 cmolcdm-3 % 

PP 860 43 97 4.59 14.76 6.79 0.04 0.80 0.60 0.13 1.40 1.44 2.84 50.70 

NTS 794 59 147 4.07 20.77 13.88 0.17 1.10 0.80 0.39 2.80 2.07 4.87 42.50 

PNHR 894 26 80 4.13 13.39 10.44 0.05 0.60 0.30 0.30 1.80 0.95 2.75 34.50 

NF 832 44 124 4.69 26.78 12.01 0.15 3.00 1.10 0.10 2.40 4.25 6.65 63.90 

MS: Management system; PP: permanent pasture; NTS: no-tillage system; PNHR: Private Natural Heritage Reserve; 

NF: native forest. Physical characterization – Granulometry: pipette method. Chemical characterization – Mehlich (P 

and K); KCl 1N (Ca, Mg and Al); Calcium Chloride (pH); Calcium Acetate pH 7 (H + Al); CEC: Cationic exchange 

capacity; OM: Organic matter; V: Base Saturation; SB: Sum of bases. 
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For each of the four study areas, composite disturbed soil samples were collected in five 

replicates in the layers of 0.00-0.05, 0.05-0.10 and 0.10-0.20 m, each composite sample being 

represented by five simple samples. In all areas and layers, undisturbed samples were also 

collected with the aid of a volumetric ring with five replicates. 

After collection, a procedure was performed to obtain air-dried fine earth (TADS). The Sd 

was determined by the methodology described by Claessen (1997). The total organic carbon 

(TOC) was obtained through the method of (Yeomans and Bremner, 1988). 

The chemical fractionation of soil organic matter (SOM) was determined following the 

differential solubility method established by the International Society of Humic Substances 

(Swift, 1996), according to the adaptation of Benites et al. (2003), based on the characteristics 

of differential solubility by differentiating the fractions of fulvic acid (FA), humic acid (HA) 

and humin (HUM), with subsequent determinations of the C-FA, C-HA and C-HUM contents. 

From the analyses of C of FA, HA and HUM, the values of alkaline extract (AE) (AE = 

HA+FA) and the ratios of HA/FA and AE/HUM were calculated to verify the humification 

processes of the SOM. In addition, the C stocks of the humic fractions were calculated 

according to the equivalent mass method (Reis et al., 2018; Ozório et al., 2020). The physical-

granulometric fractions of the MOS were determined according to the method of Cambardella 

and Elliott (1992), obtaining the particulate organic matter (POM) and mineral organic matter 

(C-MOM). Subsequently, C stocks of particulate organic matter (StockC-POM) and mineral 

organic matter (StockC-MOM) were calculated following the equivalent mass method (Reis et 

al., 2018; Ozório et al., 2020). Then, the following indices were calculated to evaluate the 

quality of the soil organic fraction: carbon stock index (CSI), lability of SOM (L), lability index 

(LI) and carbon management index (CMI) according to Blair et al. (1995). 

After the laboratory analyses were performed, the results were assessed in a completely 

randomized design, submitted to variance analysis employing the F-test, and the mean values 

were compared by the Tukey test at 5% probability with the aid of the R Core Team program 

(2021). All tests were performed using ExpDes.pt (Ferreira et al., 2018). A complementary 

analysis was also performed using the multivariate technique of principal component analysis 

– PCA, to assess the interrelationships involving all variables and explain these variables in 

terms of their inherent dimensions (Silva et al., 2020). In order to identify the correlation 

between the variables, a correction matrix was performed using Pearson's correlation method 

(Bravo et al., 2020).  

3. RESULTS AND DISCUSSION 

3.1. Chemical fractions of soil organic matter 

The areas of PP, NTS and PNHR had similar soil density values (Sd) (p<0.05) in all layers 

evaluated. In the 0.00-0.05 m layer, the values ranged from 1.37 Mg m-3 to 1.52 Mg m-3. In the 

layer 0.05-0.10 m there was variation from 1.39 Mg m-3 to 1.44 Mg m-3. The NTS area showed 

(p<0.05) higher Sd in relation to NF in the layers of 0.00-0.05 and 0.05-0.10 m. In the 0.10-

0.20 m layer the Sd values were similar in all the areas evaluated (Table 3). 

The higher Sd in the NTS area may be a consequence of the short management time 

without soil revolving and the succession of crops, requiring more time for positive changes in 

the soil’s physical attributes (Anghinoni, 2007), as well as the frequent traffic of machinery that 

favor this result. The results corroborated the studies of Rosset et al. (2014), Corrêa et al. (2016) 

and Falcão et al. (2020) also in areas of soybean/corn succession. 
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Table 3. Carbon contents of fulvic acid (C-FA), humic acid (C-HA) and humin (C-HUM), HA/FA ratio, alkaline extract 

(EA)/HUM and carbon stock of fulvic acid fractions (Stock- FA), humic acid (Stock-HA) and humin (Stock-HUM) in 

different areas evaluated. 

MS Sd TOC C-FA C-HA C-HUM HA/FA AE/HUM Stock-FA Stock-HA Stock-HUM 

  g kg-1 - - Mg ha-1 

   0-00.05 m 

PP 1.44ab 7.28c 2.22a 1.03c 3.72c 0.48b 0.88b 2.83a 1.31c 4.74c 

NTS 1.52a 11.46b 2.48a 1.83b 5.46b 0.76b 0.81b 3.16a 2.34b 6.96b 

PNHR 1.37ab 7.61c 2.41a 1.31c 2.82c 0.55b 1.33a 3.07a 1.67c 3.59c 

NF 1.27b 16.42a 2.30a 2.95a 7.25a 1.31a 0.74b 2.93a 3.76a 9.23a 

CV (%) 12.43 15.17 19.61 14.12 18.21 21.65 20.15 19.61 14.12 18.21 

   0.05-0.10 m 

PP 1.39ab 6.79b 1.92a 0.75c 3.39b 0.41c 0.79b 2.39a 0.94c 4.21b 

NTS 1.54a 10.19b 2.01a 1.80b 5.69a 0.92ab 0.68b 2.50a 2.25b 7.08a 

PNHR 1.44ab 5.75d 2.11a 1.43b 2.36b 0.68bc 1.52a 2.63a 1.79b 2.94b 

NF 1.25b 10.21a 2.22a 2.30a 6.39a 1.18a 0.76b 2.77a 3.23a 7.95a 

CV (%) 17.15 13.75 16.37 15.20 13.14 23.49 20.09 16.37 15.2 13.14 

   0.10-0.20 m 

PP 1.45a 7.04c 2.22a 1.23c 2.94b 0.55b 1.17b 2.83a 1.58c 3.75b 

NTS 1.45a 10.67b 2.20a 2.17ab 4.88a 1.07b 0.93b 2.81a 2.77ab 6.22a 

PNHR 1.37a 6.56c 1.94ab 1.80bc 1.92b 0.93b 2.05a 2.48ab 2.30bc 2.46b 

NF 1.29a 13.41a 1.39b 2.57a 5.30a 1.92a 0.74b 1.77b 3.28a 6.77a 

CV (%) 16.43 17.22 20.71 17.61 16.90 28.71 22.45 20.71 17.61 16.90 

Means followed by the same lowercase letter in the column for each system and layer do not differ statistically by the 

Tukey test (5%). MS: Management system; PP: permanent pasture; NTS: no-tillage system; PNHR: Private Natural 

Heritage Reserve; NF: native forest. CV(%): coefficient of variation.
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The NF area had the highest TOC contents, especially in the 0.00-0.05 and 0.05-0.10 m 

layers, with contents of 16.41 and 13.59 g kg-1, respectively. In the 0.10-0.20 m layer, the areas 

of NTS and NF were similar (p<0.05) (Table 3). The highest content of TOC in the area of NF 

may be related to the continuous deposition of litter along with the absence of anthropic actions, 

especially soil revolving, favoring the increase of TOC contents (Loss et al., 2015; Nanzer et 

al., 2019). Also comparing NF areas of the Atlantic Forest biome, Rosset et al. (2016; 2019), 

Martins et al. (2020), Troian et al. (2020) and Ozório et al. (2019) found higher contents of 

TOC in NF in relation to areas of PP and NTS. 

The different TOC contents are the result of alteration, production and decomposition of 

organic residues and depend directly on natural factors associated with pedogenetic processes, 

but are mainly altered by anthropic actions in soil management (Lal, 2018; Falcão et al., 2020; 

Santos et al., 2021). The highest TOC contents in the NTS area in relation to the areas of PP 

and PNHR may be associated with the absence of soil revolving due to the cultivation of 

corn/soybean in succession in the area. In addition, the low levels of TOC in the areas of PP 

and PNHR are due to their advanced stage of degradation, with animal overcrowding in PP and 

the history of soil exploration/extraction of raw material destined to the region's potteries for 

several decades in the PNHR area. 
In all areas studied, C-HUM contents predominated in relation to C-HA and C-FA contents 

(Table 3). This fact is related to the greater recalcitrance of this fraction compared to the FA 

and HA fractions (Han et al., 2016). Similar results were found by Rosset et al. (2016) and 

Rosa et al. (2017) under different soil conditions, climate and management systems. 

The C-FA contents ranged from 1.39 to 2.48 g kg-1, but there were no differences (p<0.05) 

between the studied areas, except for the 0.10-0.20 m layer, with lower content in the NF and 

higher content in the areas of PP and NTS (Table 3). The FA have a lower nitrogen carbon 

(C/N) ratio compared to the other fractions, facilitating their decomposition by soil 

microorganisms (Dobbss et al., 2009). Moreover, this fraction is responsible for the process of 

transporting cations in the soil, being also fundamental for the cycling of C and nutrients. 

However, this fraction is highly sensitive to changes in management and can be easily lost due 

to inadequate management in certain areas (Baldotto and Baldotto, 2014). 

The C-HA contents ranged from 0.75 to 2.95 g kg-1, with higher levels observed in the NF 

area in all evaluated layers, similar (p<0.05) to the NTS area in the 0.10-0.20 m layer. In 

general, the areas of PP and PNHR had lower levels of C-HA (p<0.05) in relation to the other 

areas (Table 3). This may be related to soil management used in these areas over the last few 

years, which do not advance the SOM humification process, with consequent lower C levels of 

the chemically more stable fractions of C (Guimarães et al., 2013). 

The C-HUM contents ranged from 1.92 to 7.25 g kg-1, as did those of C-HA; the C-HUM 

contents were higher in the NF area in all layers evaluated, being similar (p<0.05) only in 

relation to the NTS area in the 0.10-0.20 m layer. These results of C-HUM contents are related 

to TOC contents (Table 3), mainly because the HUM fraction represents the majority of the soil 

TOC. It is noteworthy that the C-HUM contents in the NTS area were higher (p<0.05) than the 

other two anthropized areas in all evaluated layers (Table 1). Due to the lower soil disturbance 

due to non-revolving, over the years of cultivation the NTS provides greater stability of C 

(Guimarães et al., 2013) with predominance of the HUM fraction (Rosset et al., 2016). On the 

other hand, the lowest levels of C-HUM in the areas of PP and PNHR (Table 3) are associated 

with non-conservationist management of these areas over the last years, as also evidenced in 

the lower TOC contents of these areas. 

With the exception of the NF area in all layers, and the NTS area in the 0.10-0.20 m layer, 

the values of the HA/FA ratio were below 1.00 (Table 3). The HA/FA ratio is useful, mainly to 

reflect the quality of humus, in which the higher the ratio, the higher the condition of SOM 

humification and the better the quality and stability of the soil organic fraction (Pfleger et al., 
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2017, Diniz et al., 2020).  

Considering the results, it can be affirmed that the areas of PP and PNHR have lower 

stabilization of the SOM, with consequent lower quality of the soil organic fraction, with a 

higher proportion of FA in relation to HA, with damage to other edaphic attributes, such as soil 

structural stability. 

However, it is important to highlight that in soils under tropical climate conditions, along 

with the presence of soils with more sandy texture, the HA/FA ratio is usually lower due to the 

high rate of decomposition of plant residues under the soil. For the AE/HUM ratio, the PNHR 

area had higher values in all evaluated layers, ranging from 1.33 to 2.05, differing (p<0.05) 

from all other areas (Table 3). Higher values of this relationship indicate greater presence of 

less stable fractions of C (FA and HA), in relation to the fraction of greater chemical stability 

(HUM). 

The StockC-FA ranged from 1.77 to 3.16 Mg ha-1, but did not differ (p<0.05) between the 

management systems evaluated in the layers 0.00-0.05 m and 0.05-0.10 m. In the 0.10-0.20 m 

layer, the NF area had lower StockC-FA in relation to the PP and NTS areas (Table 3). Among 

the soil humic substances, the FA fraction is the first to undergo quantitative changes, as it 

reflects the first stage for the stabilization of the SOM (Rosa et al., 2017). 

The NF area had the highest StockC-HA in the first two layers, 3.76 Mg ha-1 and 3.23 Mg 

ha-1, respectively, similar (p<0.05) to the NTS area in the 0.10-0.20 m layer. The PP area stood 

out negatively, with lower values of StockC-HA in all layers, similar to PNHR in the layers of 

0-0.05 and 0.10-0.20 m, and with lower stock (0.94 Mg ha-1) in the 0.05-0.10 m layer (Table 

3). 

The highest StockC-HUM in the 0.00-0.05 m layer was observed in NF with a value of 

9.23 Mg ha-1, differing (p<0.05) from the other areas. In the layers 0.05-0.10 m and 0.10-0.20 

m, the StockC-HUM was similar (p<0.05) between the NTS and NF areas, different from that 

observed in the PNHR and PP areas, which had the lowest StockC-HUM (Table 3). These 

results corroborate the C contents of the SOM fractions and also the TOC contents, mainly 

because the HUM fraction represents the majority of the soil TOC. 

It is important to highlight that, among the managed areas, the NTS, even in soybean/corn 

succession implemented since 2009, had higher levels and C stock of the most stable fractions 

of the SOM, being similar to NF in the most superficial layer (Table 3). Rosset et al. (2016) 

report that the accumulation of C in the most recalcitrant fractions of SOM tends to increase as 

a function of the time of adoption of the NTS. 

Through the quantitative results of C contents, with qualitative inferences in relation to the 

chemical fractions of the SOM (Table 3), it is possible to observe that the PNHR area, due to 

the anthropic actions of soil exploration for clay extraction, had low C stocks of the most stable 

fractions of the SOM (HA and HUM) in addition to the lowest HA/FA ratio and highest 

AE/HUM ratio (Table 3). The same thing happened in the PP area, because this area is in an 

advanced stage of degradation, impairing the processes of humification of the SOM, with 

consequent lower chemical stabilization. 

3.2. Physical Fractions of Soil Organic Matter 

In all layers evaluated, the NF area had higher (p<0.05) carbon content of particulate 

organic matter (C-POM) when compared to the three managed systems, reaching 4.04 g kg-1 in 

the 0.00-0.05 m layer (Table 4). These higher levels of C-POM in the surface layer coincide 

with the pattern of the highest TOC contents observed in this area (Table 3). Similar data were 

found by Kunde et al. (2016); Rosset et al. (2019); Bieluczyk et al. (2020); Ferreira et al. (2020) 

and Santos et al. (2021), comparing different types of native vegetation with managed areas. 

Comparing only the managed areas, it was observed that the NTS area showed higher C-

POM (p<0.05) than PP in the 0.00-0.05 m layer and PNHR in all layers, with values of 2.19 g 

kg-1, 1.85 g kg-1 and 1.68 g kg-1, respectively, for the layers 0.00-0.05, 0.05-0.10 and 0.10-0.20 
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m (Table 4). These higher levels observed in NTS are due to the minimal soil disturbance of 

this area, added to the accumulation of plant residues over the years of cultivation, as also 

observed by Melo et al. (2016) and Rosset et al. (2019) in NTS areas in succession of 

soybean/corn crops. In general, the highest levels of C-POM observed in the soil surface layer 

occur due to the higher intake of plant residues in this layer, together with the absence of 

anthropic actions that impair the accumulation of particulate C (Rosset et al., 2014; Kunde et 

al., 2016; Nanzer et al., 2019). 

Table 4. Carbon contents of particulate organic matter (C-POM), mineral organic matter (C-

MOM), POM carbon stock (Stock POM) and MOM (Stock MOM), carbon stock index (CSI), 

lability (L), lability index (LI) and carbon management index (CMI) of the different areas evaluated 

in the district of Porto Morumbi, municipality of Eldorado, Mato Grosso do Sul. 

MS C-POM C-MOM Stock MOP Stock MOM CSI L LI CMI 

 g kg-1 Mg ha-1  

0.00-0.05 m 

PP 1.70c 5.56c 2.17c 7.08c 0.44c 0.31a 0.95a 42.13b 

NTS 2.19b 9.26b 2.80b 11.79b 0.69b 0.23b 0.73b 50.95b 

PNHR 1.74c 5.85c 2.22c 7.45c 0.46c 0.30ab 0.92ab 42.61b 

MN 4.04a 12.37a 5.14a 15.75a 1.00a 0.32a 1.00a 100.00a 

CV (%) 8.06 5.89 8.06 5.89 4.70 12.34 12.85 9.55 

0.05-0.10 m 

PP 1.78b 5.25c 2.21b 6.54c 0.51c 0.34a 1.27a 65.51b 

NTS 1.85b 8.51b 2.31b 10.58b 0.76b 0.21b 0.80b 61.67b 

PNHR 1.35c 4.95c 1.68c 6.16c 0.46d 0.27b 1.01ab 47.07c 

MN 2.89a 10.70a 3.60a 13.31a 1.00a 0.27b 1.00a 100.00a 

CV (%) 7.54 4.53 7.54 4.53 3.22 13.01 15.14 10.27 

0.10-0.20 m 

PP 1.45b 5.33b 1.85b 6.80b 0.66b 0.27ab 0.89a 59.04bc 

NTS 1.68b 8.49a 2.15b 10.84a 1.00a 0.19b 0.64b 64.21b 

PNHR 1.11c 4.63b 1.42c 5.91b 0.56c 0.24ab 0.77ab 44.46c 

MN 2.41a 7.79a 3.08a 9.95a 1.00a 0.31a 1.00a 100.00a 

CV (%) 10.24 7.00 10.24 7.00 6.27 16.91 15.63 13.49 

Means followed by equal letters in the column, in each layer, do not differ from each other by 

Tukey's test (5%). MS: management system; PP: permanent pasture; NTS: no-tillage system; 

PNHR: Private Natural Heritage Reserve and NF: native forest; CV= Coefficient of variation. 

It is also important to highlight the lowest levels of C-POM in the PNHR area, ranging 

from 1.11 to 1.35 g kg-1, demonstrating low potential for labile C accumulation in this area. The 

differences (p<0.05) in C-POM contents in the studied areas reinforce the potential of this 

fraction to be used as an indicator of soil quality due to the sensitivity to demonstrate changes 

in a short period of time, resulting from the use of the edaphic environment (Conceição et al., 

2013; Briedis et al., 2018; Bongiorno et al., 2019; Rosset et al., 2019). Higher C-POM levels 

are related to the aggregation process, where these labile fractions are slowly occluded in soil 

aggregates, leading to physical protection of SOM (Tobiasová, 2011). However, through the 

change in land use and cultivation, the labile fractions are constantly exposed to microbial 

activity and subject to mineralization, hindering the occlusion process and, consequently, 

promoting the reduction of SOM levels (La Scala et al., 2008) as reported by Gmach et al. 

(2018). 

The NF area also had the highest levels of C-MOM in all layers, being similar (p<0.05) to 
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the NTS in the layer of 0.10-0.20 m, with contents ranging from 7.79 g kg-1 to 12.37 g kg-1 

(Table 4). The NTS area had intermediate levels in the layers of 0.00-0.05 m and 0.05-0.10 m, 

with 9.26 g kg-1 and 8.51 g kg-1, respectively. The highest levels of C-MOM (Table 4) are 

mainly related to the higher levels of TOC in these areas (Table 3), added to non-revolving, and 

to the contribution of POM stabilization over time, where the labile fraction of C becomes the 

most recalcitrant fraction, with consequent stabilization of the SOM over time (Ozório et al., 

2020). 

Relating to the low TOC contents (Table 3), as well as low C-POM contents, the PP and 

PNHR areas had the lowest C-MOM levels in all three layers evaluated (Table 4). Since C-

MOM has slow cycling, it is possible to infer that, because these areas have low vegetation 

cover and are considerably degraded, these low levels are justified. According to Mafra et al. 

(2015), the reduction of C-MOM in the managed areas in comparison with native vegetation 

area is associated with the breakdown of aggregates due to inadequate management over the 

years, exposing C to the action of microorganisms and external degradation agents, hindering 

the accumulation of TOC in the soil.  However, this fraction is considered less sensitive to soil 

management in relation to POM, especially in the short term, due to being physically protected 

and considered more stable (Guimarães et al., 2018). 

The highest stocks of particulate organic matter (StockPOM) were found in the NF area in 

all layers evaluated, reaching 5.14 Mg ha-1 in the 0.00-0.05 m layer, differing (p<0.05) from the 

other areas (Table 4). This fact results from the absence of anthropic activities and the greater 

deposition of residues newly incorporated into the soil, as can be observed in the highest levels 

of C-POM in this area. Similar results were also observed by Rosset et al. (2019) comparing 

different management systems in relation to native Atlantic forest vegetation. 

The lowest StockPOM were observed in the areas of PP, NTS and PNHR, with 2.17, 2.80 

and 2.22 Mg ha-1 for the 0.00-0.05 m layer, 2.21, 2.31 and 1.68 Mg ha-1 for the 0.05-0.10 m 

layer and 1.85, 2.15 and 1.42 Mg ha-1 in the 0.10-0.20 m layer, respectively (Table 4). The 

values found in these managed areas in relation to the NF area corroborate the lowest levels of 

TOC (Table 3) and C-POM (Table 4), demonstrating that the forms of land use of these areas 

over the last few years have not been efficient in contributing to the increase in labile C stocks 

in the soil. 

As for C-MOM contents, the NF and NTS areas had (p<0.05) the highest StockMOM in 

the most superficial layer, with 15.75 Mg ha-1 and 11.79 Mg ha-1, respectively (Table 4). Bayer 

et al. (2004) reported that StockMOM is less altered by different forms of management. Carmo 

et al. (2012) observed that in deeper layers, this fraction is highly stable, undergoing little 

changes by the management system. If specific recovery practices are adopted in the PP area, 

such as reform of pasture with soil correction, in addition to forest density in the PNHR area, 

the entry of C into the soil can be reestablished and, consequently, promote the increase of 

stocks of labile fractions and subsequently recalcitrant, with consequent increases in the total 

StockC (Falcão et al., 2020). 

All managed areas presented CSI values lower than 1.00, except for the 0.10-0.20 m layer 

of the NTS area (Table 4). This fact indicates that these forms of management were not 

potentially efficient in stocking C in the soil. The CSI values observed in these areas followed 

the trend of the lowest TOC contents (Table 3). Among the managed areas, the NTS presented 

the highest (p<0.05) CSI (Table 4). Considering that prior to the implementation of the NTS, 

the area was managed under a conventional tillage system, the results of CSI infer that the land 

use in this area allowed the recovery of carbon stock, even if slowly. Similar results were 

obtained by Conceição et al. (2014), also in an area with alteration from CTS systems to NTS, 

and by Rosset et al. (2019) in NTS chronosequence, in areas previously cultivated with CTS. 

Zhang et al. (2020) observed that the adoption of management practices with a greater number 

of plant species can promote the accumulation of TOC in the soil more rapidly, resulting in a 
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greater amount of labile organic fractions in a short period after the adoption of this practice. 

In general, the areas presented L values lower than 1.00, indicating the predominance of C 

in the fraction associated with minerals (MOM), which is desirable, because this fraction is 

more stable (Guimarães et al., 2018). According to Santos et al. (2017), the system becomes 

more susceptible to C loss by the action of microorganisms when C-POM predominates, 

because in this fraction, C has lower stability and is exposed to the highest rate of 

decomposition. 

The L values in the 0.00-0.05 m layer of the NF, PNHR and PP areas did not differ from 

each other (p<0.05), with values of 0.32, 0.30 and 0.31, respectively. It is also emphasized that 

in the 0.05-0.10 m layer the PP area had a value of 0.34, higher than the other areas (p<0.05) 

(Table 4). L is considered an excellent indicator of soil quality, being obtained through the ratio 

between POM and MOM fractions, and values closer to 1.00 suggest balance between these 

fractions (Benbi et al., 2015). Similar results were obtained by Schiavo et al. (2011) in the state 

of Mato Grosso do Sul and Rosset et al. (2019) and Ozório et al. (2020) in the state of Paraná, 

both comparing managed and native areas. Except for the PP area, it was observed that for the 

other areas evaluated, the L of the SOM decreased according to the depth, especially in the area 

of NTS (Table 4). The same behavior was observed by Schiavo et al. (2011), Kunde et al. 

(2016) and Rosset et al. (2019). 

In the 0.00-0.05 m layer, for the managed areas, the values of the lability index (LI) were 

close to the NF, and the NTS area showed a difference (p<0.05) in relation to the PP and PNHR 

areas. For the other layers, only the NTS area presented values lower than the NF (Table 4). 

In none of the management systems evaluated, CMI values similar or higher (p<0.05) to 

those of the NF area were observed in all layers evaluated. However, evaluating only the 

managed areas, the highest values were observed in the NTS areas, with 64.21 in the 0.10-0.20 

m layer, and PP, 65.51 in the 0.05-0.10 m layer. These results are probably due to the non-

revolving of the soil in both the NTS and PP, and even if the PP area is considerably degraded, 

the presence of grasses is fundamental, as it favors a certain stabilization of C in subsurface by 

the action of the root system (Nanzer et al., 2019; Santos et al., 2019). 

In general, presenting behavior similar to the levels of TOC (Table 3), C-POM and C-

MOM (Table 4), it is noteworthy that the PNHR area presented lower CMI values (p<0.05) 

than those found in NTS and PP in the 0.05-0.10 m layer and NTS in the 0.10-0.20 m layer, 

ranging from 42.61 to 47.07 (Table 4). These results reflect the state of degradation in which 

the area is after being overexploited for decades, demonstrating that, in addition to the isolation 

done in 2017, it requires other recovery practices so that there is an increase in the quantity and 

improvement of the quality of the SOM, with consequent improvement of other edaphic 

attributes. Satisfactory results of increase in the C contents and physical fractions of SOM and 

CMI in an isolated area, with subsequent practice of forest density through planting of native 

tree species were found by Santos et al. (2021) in the municipality of Mundo Novo, MS. 

3.3. Analysis of principal components and correlation between variables 

A multivariate analysis was performed using the data of the attributes Sd, TOC, C-FA, C-

HA, C-HUM, HA/FA, AE/HUM, StockC-FA, StockC-HA, StockC-HUM, C-POM, C-MOM, 

StockC-POM, StockC-MOM, CSI, L, LI and CMI, in which the edaphic variables in the 0-0.2 

m layer explain 83.8% of the data variation for the first two axes (Figure 3). The areas of NF 

and NTS were in different positions in relation to the areas of PP and PNHR, in which the latter 

were more related to the variable AE/HUM. The NF area was related to all other attributes, 

except for C-FA, StockC-FA and Sd. It is important to highlight that the NTS area is closer to 

NF, that is, it has the closest one similarity to all the attributes evaluated (Figure 3). 
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Figure 3. Principal Component Analysis - PCA for the different areas evaluated. PP: permanent 

pasture. NTS: no-tillage system. PNHR: Private Natural Heritage Reserve. NF: native forest. Carbon 

from fulvic acids (C-FA), humic acid (C-HA) and humin (C-HUM), HA/FA ratio, alkaline extract 

(AE)/HUM and carbon stock from fulvic acid fractions (StockFA), humic acid StockHA) and humin 

(StockHUM), carbon from particulate organic matter (C-POM) and mineral organic matter (C-MOM), 

carbon stock from POM (StockPOM) and MOM (StockMOM), carbon stock index (CSI), lability (L), 

lability index (LI) and carbon management index (CMI). 

The areas of PP and PNHR, due to the arrangement of the groups, did not contribute 

effectively to the improvement of the edaphic quality within the parameters evaluated, and only 

the NTS area was closer to the NF. Rosset et al. (2014; 2016); Martins et al. (2020) and Troian 

et al. (2020) also observed the same behaviors found in this study, with the NF area of 

vegetation of the Atlantic Forest biome having better edaphic quality in relation to the other 

managed areas. Rosset et al. (2019) observed similarities between the areas of PP and NF. 

Unlike what was observed by Falcão et al. (2020), where the NF area of the Cerrado biome was 

similar to the areas of NTS and PP with six years of implementation. 

In Pearson's correlation analysis presented in Figure 4, it is possible to highlight the 

positive and significant correlation (p<0.05) of the C-POM and C-MOM contents with the C-

HA and C-HUM contents, and these four variables have a strong relationship with the TOC 

content. Such behavior is also observed in the stock values of these variables. These results 

show the importance of maintaining the TOC, to contribute to the different stages and 

composition of the SOM, and consequently in the improvement of soil quality, with greater 

structuring (Tisdal and Oades, 1982; Ferreira et al., 2020), nutrient cycling (Santos et al., 2019), 

mitigation of erosive processes that cause the loss of productive soil (Lal, 2018) and mainly 

reducing CO2 emissions into the atmosphere. 
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Figure 4. Correction matrix between variables using Pearson's correlation method. Carbon 

from fulvic acids (C-FA), humic acid (C-HA) and humin (C-HUM), HA/FA ratio, alkaline 

extract (AE)/HUM and carbon stock from fulvic acid fractions (Stock-FA), humic acid (Stock-

HA) and humin (Stock-HUM), carbon from particulate organic matter (C-POM) and mineral 

organic matter (C-MOM), carbon stock from POM (Stock POM) and MOM (Stock MOM), 

carbon stock index (CSI), lability (L), lability index (LI) and carbon management index (CMI). 

Correlations identified with “X” do not present significant correction (p<0.05). 

Figure 4 also shows a significant correlation (p<0.05) between CMI values and C-HA and 

C-HUM contents. This shows that even though fractionation techniques are different once the 

HS is changed, it changes the C in quality and quantity (CMI). Thus, we evidenced the 

complexity of the SOM, and sensitivity that it presents in identifying changes in the use and 

occupation of soil (Lal, 2018). 

4. CONCLUSIONS 

Based on our findings, the no-tillage system, even in the soybean/corn succession, 

contributes to carbon content and stocks, favoring the quantity and quality of organic matter. 

The no-tillage system also had characteristics closer to the reference area, compared to other 

available systems.  

Among the managed areas, an area of direct planning system demonstrates the presence of 

fractions of greater stability and greater degree of humification of soil organic matter. 

It is also concluded that degraded pastures and areas with intense exploitation accrue the 

presence of C in the soil, not offering environmental benefits in the mitigation of CO2 emissions, 
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with significant losses of C in relation to areas of no-tillage system and native forest. 
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ABSTRACT  
This study compares physical and chemical parameters of water samples collected in a 

marginal lake (Castelo Bay) in the Paraguay River Basin in southern Pantanal during a 

significant natural phenomenon of hypoxia, locally called decoada, and shortly after it. 

Limnological parameters were analyzed from four sampling sites along the bay. Comparisons 

of the physical and chemical parameters between decoada and post-decoada periods were 

performed by Student’s t-test, principal component analysis and multivariate permutational 

analysis of variance (permanova). During the period of the decoada, there was a significant 

reduction in mean values of water transparency and concentrations of dissolved oxygen, sodium 

and nitrite compared to the post-decoada period. On the other hand, water temperature and 

conductivity, and concentrations of orthophosphate, total nitrogen and total iron have all had 

higher values during the decoada period. An effect of connectivity between lake and river was 

found to generate a gradient of water characteristics at Castelo Bay. The limnological 

characteristics that differed the most between decoada and post-decoada periods are those 

associated with the reduction of dissolved oxygen that could cause natural death of fish and the 

increase in nutrients during the decoada, yet they vary on temporal and spatial scales. 

Keywords: anoxia, dissolved oxygen, floodplain lakes. 

Aspectos de um fenômeno limnológico natural único no Pantanal 

Brasileiro 

RESUMO 
Este estudo teve como objetivo comparar parâmetros físicos e químicos de amostras de 

água coletadas em um lago marginal (Baía do Castelo) na Bacia do Rio Paraguai no Pantanal 

Sul, durante um fenômeno natural significativo de hipóxia, localmente denominado decoada, e 

logo após. Parâmetros limnológicos foram analisados em quatro pontos de amostragem ao 

longo da baía. As comparações dos parâmetros físicos e químicos entre os períodos decoada e 
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pós-decoada foram realizadas pelo teste t de Student, análise de componentes principais e 

análise de variância permutacional multivariada (permanova). Durante o período da decoada, 

houve redução significativa nos valores médios de transparência da água e concentrações de 

oxigênio dissolvido, sódio e nitrito em relação ao período pós-decoada. Por outro lado, a 

temperatura e condutividade da água, e as concentrações de ortofosfato, nitrogênio total e ferro 

total apresentaram valores mais elevados durante o período de decoada. Um efeito de 

conectividade entre lago e rio foi encontrado para gerar um gradiente de características da água 

na Baía de Castelo. As características limnológicas que mais diferiram entre os períodos 

decoada e pós-decoada são aquelas associadas à redução do oxigênio dissolvido que pode 

causar a morte natural dos peixes e o aumento de nutrientes durante a decoada, porém variam 

em escalas temporais e espaciais. 

Palavras-chave: anóxia, lagos de planícies alagadas, oxigênio dissolvido. 

1. INTRODUCTION 

The Pantanal is the largest wetland in the world, covering approximately 140,000 km2 of 

the Upper Paraguay River Basin (Silva and Abdon, 1998). It is subjected to an annual flood 

pulse that causes the waters to "rise" and "fall", as annual floods and droughts, with extensive 

floodplain land-water interaction (Junk et al., 1989; Calheiros et al., 2012). 

The changing water level of the floodplain profoundly affects the structure and functioning 

of this ecosystem, by favoring the occurrence of a natural phenomenon known locally as 

decoada. The term decoada is used to describe a change in the physical, chemical and biological 

aquatic environment that occurs as a result of rising water levels and their contact with the 

terrestrial environment during early flooding, which results in the decomposition of submerged 

vegetation biomass in lowland areas subject to flooding. At this stage of the summer 

hydrological cycle, temperatures are high, which contributes to the decomposition of the great 

mass of highly degradable plants, mostly grasses, submerged in the flooded fields. 

In this context, decoada is a unique natural phenomenon; unique in the world in terms of 

coverage, duration and frequency, regardless of its magnitude (Calheiros et al., 2000; Oliveira 

et al., 2013). In the Brazilian Pantanal, decoada is perceptible through changes in various 

limnological parameters and its effects on the structure and dynamics of aquatic organisms 

(Oliveira and Calheiros, 2000; Oliveira et al., 2010; 2011), such as significant fish kills 

(Calheiros et al., 2000; Calheiros and Hamilton, 1998). 

The change in water quality is characterized by the presence of a high amount of dissolved 

organic compounds from the decomposition of the submerged organic matter. During this 

period, there is an increase in electrical conductivity (approx. 40 to > 100 mS/cm-1), alkalinity, 

dissolved carbon dioxide (6 mg.L-1 to > 100 mg.L-1) and methane, and increased concentrations 

of nutrients such as nitrogen, phosphorus and carbon, as the result of decomposition. Ultimately 

there is a dramatic decrease in dissolved oxygen (from 8.0 to 0.0 mg.L-1), as well as changes in 

pH (to about 5.0) and transparency (Hamilton et al., 1995; 1997; Calheiros and Hamilton, 1998; 

Calheiros et al., 2000; Bastviken et al., 2010). 

The first evidence of the formation of the water masses of a decoada occurs in February 

in some areas of the northern portion of the Pantanal, and move downriver as the flood pulse 

moves toward the southern portion of the Pantanal (Calheiros et al., 2000; Hamilton et al., 

1997; Oliveira et al., 2013). 

Limnological studies of the decoada phenomenon and its relationship to fish kills in the 

Pantanal began in 1988 and have lasted for more than twenty years. From these studies, 

differences in limnological parameters between years without fish mortality and years with fish 

mortality have been observed. 
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The complexity and unpredictability of this phenomenon, both spatially and temporally, 

require ongoing analysis based on a lengthy time series of data collection. For these reasons, 

this study aimed to compare the physical and chemical parameters of water samples collected 

from an marginal lake of Paraguay River, called Castelo Bay, in the Paraguay River Basin of 

the southern portion of the Pantanal, during a significant decoada event and soon thereafter, 

with the goal of understanding how limnological parameters vary between decoada and post-

decoada periods. 

2. MATERIALS AND METHODS 

2.1. Study Area 

Castelo Bay is located in the Paraguay River floodplain of the Upper Paraguay River Basin 

(UPRB) in the southern portion of the Pantanal in western Brazil (18°35’28” S and 57°31’56.6” 

W) (Figure 1). The UPRB is formed of other sub-basins that drain into the Paraguay River. 

Each sub-basin drains different geological regions of varying rainfall regimes and have distinct 

hydrological and limnological characteristics. The climate is tropical seasonal, characterized by 

dry and rainy seasons. In the Southern Pantanal the flood peak of the Paraguay River occurs 

between May to July, a few months after the peak of the rainy season (November to March) 

due to the “floodplain effects” of delaying water mass displacements. The lowland vegetation 

around Castelo Bay is a mixture of flooded savannah, predominantly covered by grasses, and 

forests in the higher areas.  

Analyzing a historical data set of hydrological level of the Paraguay River at Ladário 

Station, Soares et al. (2008), considered the 2007/2008 hydrological year as normal floods; 

however, rainfall was above mean values, and generated a significant decoada phenomenon in 

March 2008, which is evaluated in the present study. 

2.2. Sampling 

Limnological parameters were analyzed at four sampling sites along Castelo Bay (Figure 

1), and distributed along a gradient of connectivity with the Paraguay River. The first sampling 

point was located near (approximately 2 km) the Paraguay River and the last point was located 

approximately 14.8 km from the Paraguay River in the extreme far portion of the lake. Castelo 

Bay was chosen for this study because it experiences decoada events every year (to a lesser or 

greater extent and magnitude) and because it is a large area, thereby allowing the evaluation of 

the role of flood dynamics in the decoada phenomenon. 

Despite the existence of other studies about the decoada phenomenon in the Pantanal, none 

of them considered an event of such magnitude as the one in 2008, which demonstrated the full 

extent of the changes caused by the processes of decomposition. Results of the analysis of water 

samples collected in March 2008 (decoada period - D) and July 2008 (post-decoada period - 

PD) are presented, with those of the post-decoada period sampled after the "recovery" of the 

system. 

The variables analyzed were temperature, hydrogen potential (pH), electrical conductivity, 

depth, water flow and water transparency, plus the concentration of dissolved oxygen, sulfate, 

orthophosphate, sodium, ammonia, nitrite, nitrate, total suspended solids, total nitrogen, total 

phosphorus, total iron and chlorophyll-a (Table 1). 
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Figure 1. (A) Study area (white dot) located in the Upper Paraguay 

River Basin, Brazilian Pantanal. (B) Area occupied by Castelo Bay 

during dry (dark gray) and rainy (light gray) seasons in the 

Pantanal. Circled numbers indicate the sampling points (Brazil). 

Abbreviations: MT-Mato Grosso, MS-Mato Grosso do Sul. 

Table 1. Evaluated limnological variables and the method of analysis used for characterizing the water 

during decoada and non-decoada periods in Castelo Bay, southern Pantanal. 

Variables Methods References 

Dissolved oxygen 

(mg.L1) 

Equipment electronic 

Hanna HI 9828 

 

 --- 

pH 
Equipment electronic  

Hanna HI 9828 
  --- 

Total nitrogen (mg.L-1) 

Potassium Persulfate 

digestion/colorimetric flow 

injection (FIA) 

 

Wetzel and Likens, 2001;  

Zagatto, 1981; 

Total phosphorus 

(μg.L-1)  

Potassium Persulfate 

digestion/colorimetric flow 

injection (FIA) 

Wetzel and Likens, 2001;  

Zagatto, 1981;  

Mackereth et al., 1978 

Alkalinity (mg.L-1) Titulometric Wetzel and Likens, 2001; Gran,1952 

Water temperature 

(°C) 

Equipment electronic 

Hanna HI 9828 
  --- 

Total Suspended 

Solids 

(TSS) (mg.L-1) 

Gravimetric method 

(cellulose filters) 
APHAet al., 1998 

Water transparency 

(m) 
Secchi disk APHA et al., 1998 

Electric Conductivity 

(μ.S.cm-1) 

Equipment electronic 

Hanna HI 9828 
 --- 

Continue... 
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Continued... 

Water flow 
Flow meter model Marsh-

McBirney 2000 
 --- 

Sulfate (μeq.L-1) Turbidimetric method APHA et al., 1998; 2005 

Orthophosphate (μM) Colorimetric method 
Wetzel and Likens, 2001; Mackereth et 

al., 1978 

Sodium (μeq.L-1) Flame spectrophotometry APHA et al., 1998; 2005 

Fe total (μeq.L-1) 
Atomic absorption 

spectrometry 
APHA et al., 1998; 2005 

Chlorophyll-a (mg.L-1) 
Atomic absorption 

spectrometry 
Wetzel and Likens, 2001 

Nitrate, Nitrite, 

Ammonia 
Colorimetric method 

Zagatto, 1981; Krug et al. 1983; Wetzel 

and Likens, 2001 

2.3. Data analysis 

The first analysis performed was the Student’s paired t-test to determine which 

limnological variables are statistically different between decoada and post-decoada periods. 

The second analysis aimed to visualize, in multivariate space, differences in standard 

limnological variables between sampling sites along a connectivity gradient and between 

sampling periods, using principal components analysis (PCA). This procedure intended to 

remove the influence of the different scales of each limnological variable used. The principal 

components analysis was performed using the rda command in the vegan package. 

Complementary to the PCA, we generated a matrix of Euclidean distances among sampling 

points — the same used in a principal components analysis — which was used to perform a 

multivariate nonparametric permutational analysis of variance (permanova) to compare 

differences in limnological variables during and after the decoada phenomenon using 9999 

permutations to test statistical significance. The permanova analysis was performed using the 

function adonis in vegan package (Oksanen et al., 2015). All statistical analyzes were 

performed in the R platform (R Core Team, 2013). 

3. RESULTS 

Of the eighteen limnological variables considered, only eight exhibited differences 

between the two analyzed periods (Table 2). During the decoada period – D, there was a 

significant decrease in the mean values of water transparency, dissolved oxygen and nitrite 

compared to the post-decoada period - PD. The variables which tended to have higher values 

during the decoada event were: water temperature, water conductivity, orthophosphate, total 

nitrogen, total phosphorus and total iron (Table 2). The pH, water flux, sulphate, sodium, 

nitrate, total suspended solids (TSS), and chlorophyll-a did not differ significantly between the 

periods. 

The results of the principal components analysis showed a clear differentiation of decoada 

and post-decoada periods based on the limnological characteristics at Castelo Bay, with Axis 1 

explaining 58.4% of the variation in the data. Complementary, an effect of connectivity was 

detected by a gradient in the position of sample sites along Axis 2, which explained 20.3% of 

the variation in the data. 

Higher values of dissolved oxygen, water transparency, nitrite, nitrate and sodium were 

observed in the post-decoada period, but mainly in sampling sites further, and more isolated, 

from the Paraguay River. Some limnological variables were observed to be not associated with 
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any group, in particular chlorophyll-a and total suspended solids (Figure 2). 

Table 2. Means and standard deviations of limnological variables of 

Castelo Bay during decoada and post-decoada periods in southern 

Pantanal. Paired student t-value and significance codes (ns=non-

significant; *=significant to 5%; **=significant to 1% and ***=significant 

to 0.01%). 

Variable Decoada Post-Decoada t 

Depth (m) 5.85±3.76 5.00±2.57 1.43ns 

Water transparency (cm) 0.56±0.15 0.99±0.12 -5.73** 

Water temperature 28.00±0.59 20.89±0.19 35.68*** 

Dissolved oxygen 0.40±19 7.79±0.13 -53.22*** 

pH 6.86±0.23 7.05±0.21 -1.39ns 

Water conductivity 78.25±7.76 50.84±4.19 7.72** 

Water Flux 0.05±0.04 0.01±0.01 2.21ns 

Sulphate 6.41±1.78 4.90±0.79 1.58ns 

Orthophosphate 8.18±0.67 1.87±0.51 13.66*** 

Na 1.70±0.05 1.82±0.10 -2.00ns 

NH4 30.42±10.90 17.33±14.10 1.61ns 

NO2 3.55±0.55 6.95±0.50 -7.67** 

NO3 -1.19±1.39 3.61±3.20 -2.61ns 

TSS 7.48±2.58 6.98±2.08 1.11ns 

N total 674.10±56.14 569.30±42.30 4.13* 

P total 36.70±6.37 29.30±2.50 1.93ns 

Fe total 2.03±0.50 0.52±0.06 6.60** 

Chlorophyll a 0.04±0.75 0.01±0.01 0.10ns 

 
Figure 2. Scatterplot of the principal components analysis of 

four sampling sites during decoada (black circles) and post-

decoada (white circles) in Castelo Bay in southern Pantanal, 

2008. 
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Integrating all limnological variables, the permanova results also showed significant 

differences between decoada and post-decoada periods in Castelo Bay (F= 7.03; p= 0.03; r2= 

0.54), reinforcing the results of the PCA analysis. 

4. DISCUSSION 

The results indicate that there are significant differences between the two study periods 

with respect to some of the limnological variables, analyzed as a result of the decoada 

phenomenon. The rise in water level changes the limnological characteristics of water bodies 

as a result of interactions between the aquatic and terrestrial environments (Junk et al., 1989; 

Hamilton et al., 1997; Calheiros and Hamilton, 1998; Oliveira and Calheiros, 2000), due to 

leakage of water from the riverbeds and drainage channels that reach the floodplain. The 

decoada phenomenon at Castelo Bay can last more than one month and cause significant fish 

mortality (Calheiros and Hamilton, 1998; Oliveira and Calheiros, 2000; Oliveira et al., 2013), 

thereby influencing fish density, diversity and species composition, as has been observed in 

another floodplain region (Bunch et al., 2015) 

The land-water interaction due to the annual flood pulse variation is responsible for the 

levels of dissolved oxygen, such that during flooding of the Pantanal, and especially in the 

months of February, March and April, the dissolved oxygen could be lower than 3.0 mg.L-1. 

During decoada events, the concentrations of dissolved oxygen can fall from 8 mg.L-1 to 

complete anoxia or 0.0 mg.L-1. In the present study, we observed minimum dissolved oxygen 

levels between 0.15 and 0.55 mg.L-1 during this period, compared to values considered 

"normal" (7.7 mg.L-1). The decomposition of organic matter resulting from the death of 

submerged terrestrial vegetation, which had grown in the preceding dry season, and dead 

aquatic vegetation from the same period, directly affects the dissolved oxygen concentration 

because of the oxidation processes promoted by the decomposition of vegetation consuming 

the oxygen in the water column (Hamilton et al., 1997; Calheiros and Hamilton, 1998). The 

low oxygen concentrations indicate high bacterial activity, originating from the drift of organic 

matter into the body of water (Motta and Uieda, 1995). 

Temperature is another important factor in the process of decoada. Normally, at the time 

of flooding (December to April) high summer temperatures in the Pantanal help accelerate the 

decomposition, and are therefore indirectly responsible for the lower concentrations of 

dissolved oxygen during this period, as well as the natural decreasing of gases’ dissolution into 

the aquatic environment. With the entry of cold fronts, the temperature can fall for a few days, 

slowing down decomposition processes and, consequently, improving the water quality 

(Oliveira and Calheiros, 2005). 

In our study, during the decoada a lower dissolved oxygen content (DO = 0.15 mg.L-1) 

was recorded than in 1994 when a major fish kill was observed (Calheiros and Hamilton, 1998). 

The observation of many fish breaking the surface to obtain swallow air, together with low 

levels of dissolved oxygen in the water and an increase in free carbon dioxide, strongly suggests 

that suffocation is the leading cause of fish death during a decoada on the flood plain (Calheiros 

and Hamilton, 1998). 

Any environmental changes can be considered stressful when they are unpredictable and 

uncontrollable (Schulte, 2014). However, if decoada occurred every year at the Pantanal, yet 

the intensity remained variable, the life cycle of aquatic animals could adapt, and minimize its 

impact on their populations. For fish, decoada are known to cause respiratory distress 

culminating in mass mortality. Nevertheless, the intensity of hypoxia/anoxia can be explained 

by the exposed area (subject to grasses covering) and duration of the previous dry period and 

the velocity of next flooding (Bulhões et al., 2020). Differences in hypoxia have been 

documented during the decoada phenomenon, with lower dissolved oxygen concentration in 

stagnant, vegetated waters (Calheiros and Hamilton, 1998; Hamilton, 2002). Nonetheless, 
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smaller fish species (eg. Odontostilbe spp., Pyrhulina australis, Aphyocharax spp., among 

others) can be encountered in these habitats, suggesting a higher tolerance to hypoxia. On the 

other hand, the exotic mollusc Limnoperma fortunei, which were broadly distributed in Castelo 

Bay in 2005, disappeared completely after the 2006 decoada (Oliveira et al., 2011). Clearly a 

detailed evaluation of the effects of hypoxia on the distribution of the aquatic animals of the 

Pantanal is needed (Andrade et al., 2015). 

Seasonal hydrologic flood pulses play an important role in the functioning of the ecology 

and hydrology of floodplain wetlands by supplying sources of nutrients, including carbon and 

salts. These, in turn, are essential for the maintenance of the structure, composition and biomass 

dynamics of communities of aquatic organisms and, ultimately, the entire aquatic food chain 

(Junk et al., 1989), resulting in the provision of ecosystem services such as fisheries (Calheiros 

and Oliveira, 2011; Calheiros et al., 2012). Considering the many possible scenarios of global 

warming and possible hydrological alteration in the Pantanal, the dynamics of this ecosystem, 

like any other, can be altered, and the magnitude and duration of decoadas could be modified 

as well. On the other hand, the construction of hydroelectric power dams (HPD) in the rivers 

that form the Pantanal Wetland can alter water sediment and nutrient flows as well as the 

flooding area downstream (Oliveira et al., 2020; Fantin-Cruz et al., 2020). Many rivers are 

already blocked with 47 dams and 133 HPD are still predicted. 

Therefore, a better understanding of this unique phenomenon is of fundamental importance 

for the development of conservation policies and the management of fisheries resources. 

5. CONCLUSIONS 

The results corroborate that the decoada is a unique limnological phenomenon, a synthesis 

of hydrological, geomorphological, biogeochemical and ecological interrelationships of the 

extensive seasonal and spatially flood-pulsed wetland of Pantanal. The extensive flooded area 

contributes as a self-source of nutrients and ions, and changes the respiratory gases’ 

equilibrium, altering water quality and promoting the regulation of the structure and 

composition of aquatic organisms. 
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ABSTRACT  
In order to address issues of limited resources and contamination by fertilizers, nutrient 

solutions may be reused in hydroponics as an alternative to their disposal in the environment. 

This work evaluated the feasibility of nutrient replacement for the nutrient solutions reused 

during lettuce hydroponic cultivation. The experiment was carried out in an agricultural 

greenhouse in an NFT hydroponic system using the “Milena” lettuce cultivar. The experiment 

was divided into two stages: 1) monitoring and data collection and proposition of nutrient 

replacement management; and 2) validation of the proposed replacement management. 

Monitoring the consumption of the crop's nutritional solution in the first stage served as the 

basis for the proposed nutritional replacement management. Management was validated in the 

second stage through the evaluation of fresh and dry mass, crop nutritional status, and the 

amount of the fertilizer applied in the treatments: T1 - nutrient replacement with nutrient 

solution reuse; and T2 - nutrient replacement without nutrient solution reuse. The fresh and dry 

mass data and the amount of nutrients absorbed by the plants were submitted to the t-test at 5% 

probability, showing no significant difference between the treatments, making it possible to 

conclude that the nutrient solution reuse provided nutrient replacement during the lettuce crop 

cultivation. 

Keywords: hydroponic system, Lactuca sativa L., macronutrient rational use. 

Ciclagem de macronutrientes no cultivo de alface hidropônica 

RESUMO 
O reúso de soluções nutritivas em hidroponia se torna alternativa ao descarte de água e 

nutrientes no ambiente, já que a escassez desses recursos e a contaminação do solo por 

fertilizantes são problemas, tanto econômicos quanto ambientais. Este trabalho avaliou a 

viabilidade da reposição de nutrientes para o reúso das soluções nutritivas descarte durante o 
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desenvolvimento da cultura da alface em hidroponia. O experimento foi realizado em estufa 

agrícola, em sistema hidropônico NFT utilizando a cultivar de alface Milena. O experimento 

foi dividido em duas etapas, sendo a primeira: monitoramento e coleta de dados e proposição 

de manejo da reposição de nutrientes e a segunda: validação do manejo de reposição proposto. 

O monitoramento do consumo da solução nutricional da cultura, na primeira etapa, serviu como 

base para o manejo de reposição nutricional proposto. O manejo foi validado na segunda etapa 

através da avaliação das massas fresca e seca, o estado nutricional da cultura e a quantidade de 

fertilizantes aplicados nos tratamentos, T1 - reposição de nutrientes com reaproveitamento da 

solução nutritiva e T2 - reposição de nutrientes sem reaproveitamento da solução nutritiva. Os 

dados de massa fresca e seca e a quantidade de nutrientes absorvidos pelas plantas foram 

submetidos ao teste estatístico T ao nível de 5% de significância, mostrando não haver diferença 

significativa entre os tratamentos, sendo possível concluir que a reposição de nutrientes 

proporcionou o reúso da solução nutritiva durante o desenvolvimento da cultura da alface. 

Palavras-chave: hidroponia, Lactuca sativa L., uso racional de macronutrientes. 

1. INTRODUCTION 

In recent decades, population growth and agriculture modernization have led to increased 

consumption of resources. One of these is water, the consumption of which has brought 

environmental problems such as contamination and scarcity. In this sense, to meet growing food 

demand with minimal impact on the environment, agriculture must be managed rationally. 

Water scarcity and soil contamination are problems felt worldwide, leading the productive 

sectors to more rigorous management of water resources, such as considering water reuse, 

controlling losses and waste, and reducing consumption and residue production (Barros et al., 

2015). In this scenario, the protected cultivation of vegetables, which has been developed on a 

large scale under the hydroponic system, represents an alternative for producers looking for 

cultivation technologies that guarantee their production with less environmental impact. 

The number of establishments that produce lettuce in Brazil is 108,603 units 

(approximately 80,000 hectares), which have a total of 908,186 tons per year (IBGE, 2017). It 

is estimated that the hydroponic cultivation of leafy vegetables in Brazil is approximately 2,000 

hectares, with a growth trend for the coming decades (Lima et al., 2018). The adoption of new 

cultivation technologies has been increasing in recent years, such as the cultivation of lettuce 

in a hydroponic system of the NFT (Nutrient Film Technique) under protected cultivation (Sala, 

2019). 

The NFT (Nutrient Film Technique) system is a hydroponic cultivation technique that 

makes nutrients available to plants through a thin film of nutrient solution adequate to meet the 

requirements of each plant species (Bezerra Neto and Paes, 2011). It has shown significant 

growth in the last decades because of its advantages over soil cultivation, such as the potential 

for efficient use of water and nutrients (Santos et al., 2013), less exposure to climate factors 

and phytosanitary problems, higher yield, and added value to the product, precocity, and better 

plant quality (Bezerra Neto, 2016). In addition to the efficient use of water, as it reduces losses 

by evaporation, NFT hydroponics can also reduce the environmental risks associated with salt 

accumulation in the environment (Alves et al., 2011). 

However, some producers who use NFT hydroponics have discarded nutrient solutions 

after partial nutrient consumption by plants or due to disease occurrence (Badgery-Parker, 

2002). Such disposal is often done after a period of use since producers still do not have a fast 

and cheap method to quantify nutrient contents in the solution to provide an appropriate 

nutritional balance by replacing missing nutrients. Thus, the disposal and non-reuse of nutrient 

solutions from hydroponic systems have been environmental and economic concerns but little 
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discussed in the literature. Nutrient replacement can be done in NTF cultivations by nutrient 

solution reuse for several crop cycles without impacting productivity (Backes et al., 2003). 

Therefore, nutrient solution disposal can be reduced and/or eliminated by periodic adjustments 

in its composition throughout plant growth and development cycles (Gimenez et al., 2008). 

Furthermore, in 2020, Brazil imported more than 80% of the fertilizers used in agriculture 

(SAE, 2020). For this reason, nutrient solution reuse becomes a good alternative as it enables 

savings of these inputs. Another advantage of such a practice is mitigating environmental 

impacts by not releasing salts into the environment. In Brazil, lettuce is the main species and 

represents 80% of the vegetables grown under the NFT hydroponic system (Furlani, 1999; Sala 

and Costa, 2012). Moreover, this vegetable is among the five most marketed in Brazilian supply 

centers (CONAB, 2020).  

Since producers need practical information for the rational use of nutrients and water, this 

study evaluated the feasibility of nutrient replacement with nutrient solution reuse during the 

lettuce development in hydroponics. 

2. MATERIAL AND METHODS 

The study was carried out in the Department of Natural Resources and Environmental 

Protection (DRNPA) of the Center for Agricultural Sciences (CCA), Federal University of São 

Carlos (UFSCar), Campus of Araras, São Paulo State, Brazil. The area lies at the UTM 

coordinate: 7531348 N; 254144 E; datum WGS 84, and Zone 23K. According to Köppen's 

classification, the local climate is classified as Cwa, which is characterized by two well-defined 

seasons, one dry with mild temperatures (April to September) and another rainy with higher 

temperatures (October to March). Annual temperature and rainfall averages are 21°C and 1400 

mm, respectively (Valadares et al., 2008). 

The experiment was carried out in an arched-roof greenhouse (commercially known as 

Poly House). It measured 6.4 x 20.0 x 3.5 m (width x length x height) and was enveloped with 

a transparent UV-treated polyethylene sheet and white shade screen on the sides. The crisp 

lettuce cultivar Milena was used under NFT hydroponic cultivation. 

The experimental area consisted of eight benches containing four polypropylene channels 

(75 mm wide x 3.0 m long). The channels were spaced at 0.30 m, the plants at 0.25 m, and the 

benches at 0.70 m to facilitate handling. Each bench had 44 plants, 11 per channel, with a useful 

plot covering the 18 central plants (Figure 1). The experiments were carried out in a completely 

randomized block design, with three replications in the first stage and one in the second. 

The hydroponic solutions were supplied by two 500-L reservoirs, a pumping system, 

cultivation benches, a system for returning the nutrient solution to the reservoir by gravity, and 

an aerator. Nutrient solutions were supplied to each channel at an average flow rate of                           

1.5 L min−1 (Martinez and Silva Filho, 2004). In addition, the pump timer was set to 15 minutes 

for every half-hour during the daytime and 15 minutes for every hour during the nighttime, 

providing an intermittent nutrient solution flow to the plants (Cuba et al., 2015). 

The experiment was divided into two stages: 1) monitoring and data collection and 

proposition of nutrient replacement management; and 2) validation of the proposed replacement 

management. Monitoring the consumption of the crop's nutritional solution in the first stage 

served as the basis for the proposed nutritional replacement management. 

2.1. Nutrient solutions 

Nutrient solutions for Stages 1 and 2 were prepared according to the lettuce crops 

recommendations adapted from Furlani et al. (1999), Table 1.  
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Figure 1. Schematic of the hydroponic system 

structure and treatment distribution. 

Table 1. Lettuce nutrient recommendation used, which results in 

a nutrient solution with a pH - 6.3 and an electrical conductivity 

- 1.6 dS m-1. 

Fertilizer Concentration (g 1000 L-1) 

Calcium nitrate 500 

Potassium nitrate 500 

Magnesium sulfate 350 

Monoammonium Phosphate 100 

Conmicros Standard 20 

Nutrient solution pH and electrical conductivity (EC) were monitored daily to maintain a 

suitable environment for lettuce growth (Martinez, 2002).  

2.2. Stage 1 – Nutrient solution monitoring and crop data collection  

The nutrient solution was prepared and made available on the same day plants were 

transplanted to the hydroponic channels (0 days after transplanting – DAT) and discarded at 7 

DAT. Moreover, solution preparation, disposal, and collection were performed weekly until 28 

DAT (the end of the lettuce cycle). The macronutrients present in the nutrient solution were 

analyzed weekly. The nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and 

magnesium (Mg) contents were determined to use these results in the following experiment 

stage. Solution samples were collected in triplicates, and the contents of N were determined by 

TOC-LCPN development; P by the vanadomolybdophosphoric acid method with a wave 

reading of 440 nm in length; K in a Digimed flame spectrophotometer (Model DM-62); Ca in 

an atomic absorption spectrophotometer and Mg in an Iris-HI801 model spectrophotometer - 

HANNA Instruments. 
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Plants were also sampled weekly to characterize nutrient contents and build a lettuce shoot 

absorption curve. Leaves were dried in a forced-air circulation oven at 70°C until reaching a 

constant weight (Silva, 2009), with macronutrients (N, P, K, Ca, and Mg) being quantified 

(Carmo et al., 2000). 

Lettuce shoot fresh (FM) and dry (DM) masses were determined using the same plants 

sampled weekly for leaf analysis. These plants were weighed on an analytical scale right after 

being collected from benches (FM) and after drying (DM). At 28 DAT, yield per square meter 

was obtained, and the useful plot area and border comprised 1.8 m2 each. 

The experimental design consisted of entirely randomized blocks, with 44 plants per bench 

and 176 plants per reservoir, totaling 528 plants in three replications. 

Statistical analyzes were performed using the EXCEL software. The results of absorbed 

nutrient content from the nutrient solution (three replicates) were t-tested at 5% significance, 

and no significant differences were found between treatments.  

2.3. Stage 2 – Nutrient replacement proposal validation 

In Stage 2, two treatments were carried out in the same structure as in Stage 1, T1 - nutrient 

replacement with nutrient solution reuse and T2 - nutrient replacement without nutrient solution 

reuse.  

Macronutrient consumption data were validated, and fertilizer replacement in T1 was 

based on the difference between nutrient contents in the initial and discarded nutritional 

solutions, thus obtaining the amount of nutrients absorbed by plants. The values were obtained 

in nutrient concentration (mg L−1) and transformed into amounts of salts (calcium nitrate, 

potassium nitrate, magnesium sulfate, mono-ammonium phosphate, potassium sulfate, urea, 

and ConMicros). The entire solution volume was considered to adjust nutrients, considering the 

amount remaining in the reservoir and evapotranspiration. Mean micronutrient consumptions 

were calculated to be used as a basis for replacement. The nutrient solution in T2 was according 

to the procedure performed in Stage 1. Nutrient solution pH and electrical conductivity (EC) 

were monitored daily.  

The experimental design consisted of completely randomized blocks. For leaf fresh and 

dry mass measurements, the useful area of each bench was divided into two subplots for plant 

sampling (9 subsamples), totaling 72 samples per treatment at the end of the crop cycle (30 

DAT). 

T1 and T2 were compared for plant-absorbed nutrient contents and plant fresh and dry 

weights. In addition, data were subjected to analysis of variance to verify the differences for the 

studied variables. 

Water consumption was measured weekly based on reservoirs' water balance, so the Water 

Use Efficiency (WUE) (estimated in kg m-3) was obtained by dividing the production (kg) by 

the water consumed volume (m-3) of each treatment applied during the lettuce crop cycle. 

3. RESULTS AND DISCUSSION 

3.1. Stage – 1 

As expected, nutrient solution pH varied throughout the experiment since solutions have 

no buffering capacity (Backes et al., 2004). However, the values were maintained from 5.45 to 

6.75 for the best plant growth (Castellane and Araújo, 1995). 

Average electrical conductivity (EC) was within the recommended range for hydroponic 

lettuce cultivation, from 1.5 to 1.8 dS m−1. These values corroborate the recommendation of 

Castellane and Araújo (1995), who reported a range from 1.5 to 2.5 dS m−1, a reference for EC 

monitoring. EC remained virtually constant between 0 and 7 days after transplanting (DAT), 

and nutrient solution absorption was low compared to other plant growth stages. Such low 

absorption is due to the reduced size of lettuce plants at the beginning of the cycle. Yet, from 7 
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to 21 DAT, EC increased by 9.2% due to higher plant water demands and the absence of water 

replacement in the reservoir between nutrient solution changes, thus concentrating the nutrients. 

In the last week of evaluation (21 and 28 DAT), EC showed an inverse behavior, decreasing by 

4.0% from the optimal value. This reduction is due to plants' increased demand for water and 

nutrients at the end of the cycle. 

3.1.1. Nutrient solution chemical analysis 

Nitrogen exports were constant throughout the crop cycle, and this nutrient was consumed 

(159.47 mg L−1) at 28 DAT. As to Heinen et al. (1991), differences between nutrient solution 

N reductions and plant-absorbed N contents are significant, which can be explained by N 

denitrification and/or immobilization. Up to 21 DAT, nutrient solution P concentrations 

decreased, while its consumption by plants increased (6.75 mg L−1 between 0 and 7 DAT; 19.58 

mg L−1 between 7 and 14 DAT; and 38.78 mg L−1 between 14 and 21 DAT); however, its 

concentrations remained practically constant from 21 to 28 DAT (34.88 mg L−1). Potassium 

was the most exported nutrient from the nutrient solution, with the highest expression between 

21 and 28 DAT (224.36 mg L−1), followed by 14 to 21 DAT (187.13 mg L−1). However, Ca 

was less exported between 7 and 14 DAT (15.35 mg L−1), with a marked increase between 14 

and 21 DAT (39.79 mg L−1) and 21 and 28 DAT (84.48 mg L−1). Up to 21 DAT, Mg exports 

remained constant, which were 4.84 mg L−1 between 0 and 7 DAT, 7.40 mg L−1 between 7 and 

14 DAT, and 8.60 mg L−1 between 14 and 21 DAT, but increased from 21 to 28 DAT (26.48 

mg L−1) (Figure 2). 

 
Figure 2. Averages of macronutrient 

contents from nutrient solution at 7, 14, 21, 

and 28 days after transplanting (DAT). 

3.1.2. Nutrient absorption curve and agronomic evaluation of lettuce cv. Milena 

Average leaf analysis results (Figure 3) were compared to the optimal ranges for 

macronutrients by Raij et al. (1997). All of them were within their respective suggested content, 

and no visual symptoms of nutrient deficiency or toxicity were observed in plants. 

Leaf analysis showed that K was the nutrient most absorbed by plants, followed by N, Ca, 

P, and Mg. This result corroborates the findings on lettuce plants of Fernandes et al. (2002) on 

the cultivars Regina, Babá de Verão (butterhead), and Grandes Lagos (iceberg), and those of 

Gondim et al. (2010) on the cultivar Brasil 303 (butterhead), both in experiments with the 

hydroponic system in autumn. Our findings also agree with Benini et al. (2005) on the cultivar 

Verônica (loose-leaf) under hydroponic and conventional approaches in the autumn/winter. 

Fresh shoot mass accumulation was slow until 14 DAT, representing 1.4% of the total 

accumulated from 0 to 7 DAT and 6% from 7 to 14 DAT. Then, fresh mass accumulation 

increased from 14 to 21 DAT, reaching 22.4% of the total. The highest expansion was 69.6%, 

achieved in the last week (21 to 28 DAT). At harvest time (28 DAT), plants had an average of 
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226.2 g total fresh weight. These values are higher than Vaz, Junqueira (1998), and Benini et 

al. (2005) on cv. Verônica (207.8 g, 183.4 g, and 124.5 g, respectively). When researching the 

performance of lettuce seedlings cv. Vanda in trays with different cell volumes, Lima et al. 

(2018) reported an average of 246 g plant-1 at 29 DAT. 

 
Figure 3. Macronutrient concentrations in dry 

shoot matter of lettuce cv. Milena at 0, 7, 14, 

21, and 28 days after transplanting (DAT). 

At 28 DAT, total water consumption averaged 4.1 L (Figure 4), around 144.5 mL plant-1 

day-1. According to Furlani et al. (2009), water absorption by hydroponic lettuce is, on average, 

between 75 and 100 mL plant-1 day-1. High consumption may be related to production system 

failures, such as water loss due to leakages and evaporation from uncapped holes after plant 

sampling. 

 
Figure 4. Nutrient solution consumption 

throughout the cycle of the lettuce cv. Milena. 

The yield of the lettuce cv. Milena reached, on average, 2.75 kg m−2, similar to that found 

by Lima et al. (2018) (2.51 kg m−2). 

Shoot dry mass (SDM) accumulation was, on average, 13.04 g plant−1 at 28 DAT, which 

is similar to that obtained by Lima et al. (2018) of 12.42 g plant−1. 

3.2. Stage 2 

Nutrient solution pH ranged from 5.8 to 6.7 in T1 and 6.0 to 6.7 in T2. To reduce pH, 

phosphoric acid was added to the solution, as Martinez (2006) recommended. 

Average electrical conductivity (EC) ranged from 1.69 to 2.33 dS m−1 in T1 and from 1.60 

to 2.00 dS m−1 in T2. These values were within the range from 1.5 to 2.5 dS m−1 recommended 
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by Castellane and Araújo (1995). 

Table 2 describes the amounts of salts used in T1 and T2. Since the nutrient solution of T1 

was not discarded, the parts of salts used could be reduced compared to T2 without damaging 

fresh mass production. In the third week of cultivation, besides the salts already used, potassium 

sulfate and urea were used to avoid adding some nutrients in excess. 

Table 2. Total contents of fertilizers used during the crop cycle in T1 and T2 are expressed in salts 

and individual nutrients for a total volume of 512.5 L for T1 and 1400 L for T2. 

Fertilizer 
The total amount of salts The total amount of nutrients 

T1 (g) T2 (g) T1 (g) T2 (g) 

Calcium nitrate 407.7 700 N – 142.45 N – 240.5 

Potassium nitrate 423.5 700 P – 49.46 P – 216 

Magnesium sulfate 249.4 490 K – 190.57 K – 315 

Monoammonium phosphate (MAP) 91.6 140 Ca – 77.46 Ca – 133 

ConMicros Standard 15.2 28 Mg – 22.45 Mg – 45 

Potassium sulfate 18.9 –   

Urea 8.3 –   

During Stage 2, plants of both treatments showed no visual symptoms of nutrient 

deficiency. Therefore, the leaf analysis results of T1 and T2 were compared to the optimal 

ranges of macronutrients recommended by Raij et al. (1997), which are: N = 30–50 g kg−1, P = 

4–7 g kg−1, K = 50–80 g kg−1, Ca = 15–25 g kg−1, and Mg = 4–6 g kg−1. The results for T1 were 

45 g N kg−1, 8.32 g P kg−1, 69.25 g K kg−1, 7.70 g Ca kg−1, and 2.78 g Mg kg−1, while those of 

T2 were 46.50 g N kg−1, 9.23 g P kg−1, 56.12 g K kg−1, 7.06 g Ca kg−1, and 2.61 g Mg kg−1. 

The order of nutrient absorption found in the leaf analysis was K > N > P > Ca > Mg. 

Grangeiro et al. (2006) found a similar result in field cultivation. 

The contents of N and K were within the range considered adequate for lettuce (Raij et al., 

1997). Otherwise, P content was above the optimal range in both T1 and T2; however, plants 

showed no visual toxicity symptoms. According to Malavolta (2006), excess P toxicity is not 

commonly seen in plants; yet, it can cause micronutrient deficiencies (e.g., copper, iron, 

manganese, and zinc), leading to reduced biomass. Such excess may be related to the addition 

of phosphoric acid to decrease nutrient solution pH, thus increasing P contents and hence luxury 

consumption by plants. 

Both treatments showed Ca and Mg contents below the optimal range for lettuce growth. 

It may be related to high K contents in nutrient solutions. Potassium excess decreases Ca and 

Mg contents in the medium (Rosolem, 2005) since these ions compete for the same absorption 

sites. Despite the low levels, no deficiency symptoms of these nutrients were observed. This 

may have occurred because the cultivar Milena has a high tolerance to lack of Ca and is slow-

growing (late cultivar), thus masking the symptoms. 

At 30 DAT, total shoot fresh mass accumulation reached 156.7 g plant−1 in T1 and 156.3 

g plant−1 in T2. These values are close to those of Vaz and Junqueira (1998) and Benini et al. 

(2005). They obtained 183.4 g and 124.5 g of fresh biomass per plant for the cultivar Verônica, 

respectively. On the other hand, Ceccherini et al. (2020) studied a different number of tray cells 

for lettuce production under conventional and hydroponic systems for summer cultivation. 

They obtained a fresh mass of about 280 g plant−1. In our study, the low mass yields achieved 

in both treatments may be related to the K effect on Ca and Mg absorption, which was below 

the range recommended (Raij et al., 1997). In addition, high K contents in nutrient solutions 

may impair plant growth or production (Rosolem, 2005). 

Total water consumption per plant for T1 and T2 at 30 DAT was, on average, 2.0 L (Figure 
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5), about 66 mL per plant−1 day−1. Milder temperatures and high relative humidity decrease 

water consumption by plants. 

 
Figure 5. Nutrient solution consumption 

throughout the cycle of the lettuce cv. Milena. 

At 30 DAT, the total shoot dry mass accumulated reached 6.53 g plant−1 for T1 and 6.43 g 

plant−1 for T2, with no difference between these treatments (p≤0.05) and a p-value of 

0.3185976. The total water volume used in Stage 2 was 512.5 L for T1 and 1400 L for T2. 

The WUE for T1 and T2 were, respectively, 53.81 kg m-3 and 19.65 kg m-3. These results 

show that T1 increased the WUE with the solution reuse during the crop cycle. However, the 

fresh mass production was equal, T1 – 27.580 kg and T2 – 27.508 kg. 

4. CONCLUSION 

Under this study, we concluded that nutrient solution reuse provided replacement of 

nutrients during the lettuce crop cultivation. 
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ABSTRACT  
Saccharomyces cerevisiae biomass was activated chemically, and its ibuprofen (IBP) 

biosorption capabilities were assessed regarding IBP removal from an aqueous solution. The 

effects of pH (2-10), contact time (0-90 min), IBP concentration (5-35 mg L-1), and temperature 

(20, 30, 40°C) were evaluated in batch studies. Higher removal rates of IBP were found at pH 

2.0. The pseudo-second-order kinetic model best described the experimental data. Both the 

Langmuir and Freundlich isotherm models described the equilibrium data satisfactorily. The 

maximum biosorption capacity for IBP onto chemically activated Saccharomyces cerevisiae 

biomass (CA-YB) was estimated at 13.39 mg g-1 at 40°C. The activation energy calculated by 

the Dubinin-Radushkevich isotherm model was 9.129 kJ mol-1, indicating that a chemical 

process mediated the biosorption of IBP onto CA-YB. According to thermodynamic studies, 

IBP biosorption is spontaneous and endothermic. FTIR analysis revealed that the carboxyl, 

hydroxyl, phosphoryl, and amino groups were involved in the biosorption process of IBP. These 

findings indicated that CA-YB could be an alternative biosorbent for IBP removal from aqueous 

media.  

Keywords: isotherms, kinetic, microbial biomass, pharmaceutical drugs, thermodynamic study. 
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biossorção foi explorada para a remoção do ibuprofeno (IBP) da solução aquosa. Os efeitos do 

pH (2-10), tempo de contato (0-90 min), concentração de IBP (5-35 mg L-1) e temperatura (20, 

30, 40°C) foram avaliados em estudos de bateladas. Em pH 2,0 foram encontradas as maiores 

taxas de remoção de IBP. O modelo cinético de pseudo-segunda ordem foi o mais adequado 

para descrever os dados experimentais. Ambos os modelos de isoterma de Langmuir e 

Freundlich descreveram os dados de equilíbrio de forma satisfatória. A capacidade máxima de 

biossorção para IBP pela biomassa de Saccharomyces cerevisiae quimicamente ativada (CA-

YB) foi estimada em 13,39 mg g-1 a 40°C. A energia de ativação calculada pelo modelo de 

isoterma de Dubinin-Radushkevich foi de 9,129 kJ mol-1, indicando que um processo químico 

mediou a biossorção de IBP por CA-YB. De acordo com os estudos termodinâmicos, a 

biossorção do IBP é espontânea e endotérmica. A análise de FTIR revelou que os grupos 

carboxila, hidroxila, fosforila e amino estavam envolvidos no processo de biossorção do IBP. 

Essas descobertas indicaram que CA-YB pode ser um biossorvente alternativo para a remoção 

de IBP do meio aquoso. 

Palavras-chave: biomassa microbiana, cinética, estudo termodinâmico, fármacos, isotermas. 

1. INTRODUCTION 

Widespread use of anti-inflammatory drugs is the main reason they are commonly detected 

in sewage wastewaters, surface and ground waters, and even drinking waters (Yamkelani et al., 

2019). During medical care, these drugs are excreted as unchanged or metabolites by animals 

and humans, and their concentrations in aquatic media are usually in the range of ng L-1 or µg 

L-1. Despite the low concentration, there is still cause for concern, as these pollutants are 

persistent, bioaccumulative, and endocrine disruptor (Oba et al., 2021). 

Ibuprofen [2-(4-isobutylphenyl) propanoic acid] is a non-steroidal anti-inflammatory 

widely used worldwide (Santaeufemia et al., 2018). It is usually prescribed to relieve aches, 

pains, and fever. The concentration of ibuprofen (IBP) in the aquatic environment was found to 

range from 4198.4 to 10864.0 ng L-1 in sewage wastewater, 5.7 to 223.6 ng L-1 in drinking 

water, and 5 to 62 ng L-1 in surface water (Aristizabal-Ciro et al., 2017). These concentrations 

pose a potential hazard to organisms. Immunosuppression, nephrotoxicity, and endocrine 

disruption are some deleterious effects on fishes and mussels (Oba et al., 2021).  

Many technologies have been applied to remove IBP from water and wastewater, such as 

electrochemical and photocatalytic degradation (Li et al., 2016), heterogeneous electro-Fenton 

process (Liu et al., 2018), ozonation (Saeid et al., 2018), and adsorption (Santaeufemia et al., 

2018). However, most of these technologies are expensive, require high-tech operations and 

skilled personnel, and can generate toxic by-products (secondary pollution) or incomplete 

removal. Among these technologies, adsorption has become a well-established technology to 

remove different pollutants, including pharmaceutical drugs. The easy availability, low cost or 

zero cost of some adsorbents, simplicity of design and operation, and ability to treat wastewater 

with a low or high concentration of pollutants make the adsorption a techno-economically 

viable solution for eliminating pollutants from aqueous media (Castro et al., 2017). 

Recently, the adsorption of IBP onto biological adsorbents has been studied in detail. 

Pinewood biochar (Essandoh et al., 2015), Aegle marmelos shell biochar (Chakraborty et al., 

2018a), and activated sugarcane bagasse (Chakraborty et al., 2018b) are some examples. 

Microbial biomasses have also been used to efficiently remove pollutants from water (Castro 

et al., 2017). Their pollutant-adsorptive capacity is due to the chemical characteristics of their 

cell walls, which possess many polysaccharides and some proteins, among other components. 

These biomacromolecules have several functional groups, such as carboxyl, amino, thiol, 

phosphate, and sulfhydryl, responsible for the adsorption phenomena (Ramanaiah et al., 2007).   
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The yeast Saccharomyces cerevisiae is an inexpensive and readily available biomass 

source used in pollutant adsorption. It can be easily cultivated on a large scale or obtained as a 

by-product of the food and beverage industries. Saccharomyces cerevisiae biomass has been 

used as a biosorbent to remove heavy metals and textile dyes (Castro et al., 2017).  However, 

this yeast is little-explored with regard to its ability to remove anti-inflammatory drugs. In this 

study, we investigated the adsorption of IBP by chemically activated Saccharomyces cerevisiae 

biomass under different experimental conditions.  

2. MATERIAL AND METHODS 
2.1. Chemicals  

Ibuprofen sodium salt (IBP) (linear formula: C13H17O2Na; molecular weight: 228.26 

g/mol) was obtained from Sigma Aldrich – Brazil (>98% purity, pKa = 4.91). Hexane, 

methanol, HCl, and NaOH were of analytical grade.  

2.2. Preparation and characterization of biosorbent 

Saccharomyces cerevisiae was purchased from a local market as Baker’s yeast. Yeast 

biomass (YB) was sieved through a 149 μm standard sieve and activated by extraction with 

hexane for 6 h and subsequently with methanol for 6 h. The extraction occurred in a Soxhlet 

extractor. Following the process, the chemically activated yeast biomass (CA-YB) was rinsed 

with distilled water and dried in an oven at 60°C for 48 h. The CA-YB was kept in a desiccator 

until use.  

2.3. Biosorbent characterization 

The functional groups on the surface of CA-YB were investigated using the Fourier 

transform infrared spectroscopy (FTIR) analyses. The samples of CA-YB were prepared using 

the KBr disk method, and the transmission FTIR spectra were recorded in the 4000 and 400 

cm−1 (Shimadzu IRAffinity-1 spectrophotometer). The thermal stability of CA-YB was 

evaluated with thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 

using a thermogravimetric analyzer (Shimadzu DTG-60H). The analysis was conducted in an 

air atmosphere at a heating speed of 20°C /min from ambient temperature (26°C) up to 1000°C. 

The point of zero charge (pHPZC) of CA-YB was determined using the method described by 

Dahri et al. (2014). 20 mL of KNO3 solutions (0.1 M) was added to the Erlenmeyer flasks, and 

the pH values were adjusted in the range of 2.1–10.3 by adding 0.1 M of NaOH/HCl. Then, 

0.03 g of CA-YB was added to the Erlenmeyer flasks and the flasks were shaken at 150 rpm 

for 24 h, at 24°C. Next, the final pH of KNO3 solutions was measured, and the pHpzc was 

determined by plotting ΔpH (final pH – initial pH) versus initial pH.  

2.4. Batch biosorption experiments  

All biosorption experiments were performed with 100 mL Erlenmeyer flasks containing 

30 mL of IBP aqueous solution. The flasks were agitated on a shaking incubator at 150 rpm. 

The influence of various parameters on the biosorption efficiency was evaluated: pH (2, 4, 6, 

8, and 10, adjusted by the addition of 0.1 M NaOH or 0.1 M HCl solutions), initial IBP 

concentration (5.0-35.0 mg L-1), contact time (0-90 min), and temperature (20, 30, and 40°C). 

Aliquots were withdrawn from the flasks at predetermined time intervals and filtered (filter 

membrane Ø 0.45 μm) to remove biosorbent particles. The residual IBP concentration in the 

solution was analyzed by using a UV/Vis spectrophotometer (Hach DR6000) at λmax = 221 nm. 

All biosorption experiments were conducted in triplicate. The IBP removal percentage, R (%), 

and the amount of IBP adsorbed per unit of biosorbent, qe (mg g-1) were determined according 

to Equations 1 and 2: 

𝑅(%) =
𝐶𝑖−𝐶𝑒

𝐶𝑖
 ×  100              (1) 
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𝑞𝑒 =
(𝐶𝑖−𝐶𝑒)

𝑏
               (2) 

Where Ci and Ce are the initial and the equilibrium IBP concentrations (mg L-1), and b is 

the biosorbent concentration in solution (g L-1).  

2.5. Kinetic and isotherms models 

The kinetic and isotherms models (Chakraborty et al., 2018b; Santaeufemia et al., 2018) 

used in this study are listed in Table 1. The usability of these models in fitting to data was 

evaluated by the coefficient of determination (R2) and the root mean square error (RMSE) 

(Equation 3):  

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑(𝑞𝑒𝑥𝑝 −  𝑞𝑐𝑎𝑙)

2
             (3) 

Where qexp and qcal are the experimental and calculated values, and n is the number of 

samples.  

Table 1. Kinetic and isotherm models.  

Model Equation Parameters 

Kinetic models 

Pseudo-first-order 
log(𝑞𝑒 − 𝑞𝑡) =  log 𝑞𝑒 −  

𝐾1

2.303
𝑡 

 

qe (mg g-1): biosorption capacity at 

equilibrium 

qt (mg g-1): biosorption capacity at 

time t 

K1 (min-1): pseudo-first-order rate 

constant 

Pseudo-second-order 

𝑡

𝑞𝑡

=  
1

𝐾2𝑞𝑒
2

+ 
1

𝑞𝑒

𝑡 

 

K2 (g mg-1 min-1): pseudo-second-

order rate constant 

Isotherm models   

Langmuir 

1

𝑞𝑒

=
1

 𝑞𝑚

+  (
1

𝑞𝑚𝐾𝐿

)
1

𝐶𝑒

 

 

qe (mg g-1): biosorption capacity at 

equilibrium 

qm (mg g-1): maximum biosorption 

capacity 

Ce (mg L-1): equilibrium adsorbate 

concentration in solution 

KL (L mg-1): Langmuir constant 

Freundlich 
ln 𝑞𝑒 =  ln 𝐾𝑓  +  

1

𝑛
ln 𝐶𝑒 

 

Kf ((mg g-1) (mg L-1)-1/n):  Freundlich 

constant 

n: heterogeneity factor 

Dubinin-

Radushkevich 
𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝑞𝑚 −  𝛽𝜀2 

ɛ: Polanyi potential 

β (mol2 kJ−2): biosorption energy 

constant 

 𝜀 = 𝑅𝑇 𝑙𝑛 (1 + 
1

𝐶𝑒

) 
R: universal gas constant (8.314 J 

mol-1 K-1) 

2.6. Adsorption thermodynamics 

The thermodynamics parameters of IBP biosorption onto CA-YB, i.e., Gibbs free energy 

change (ΔG), entropy (ΔS), and enthalpy (ΔH), were calculated by using the Equations 4, 5 and 

6: 
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∆𝐺 =  −𝑅𝑇 𝑙𝑛𝐾𝐷              (4) 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆                   (5) 

𝑙𝑛𝐾𝐷 =  
∆𝑆

𝑅
−  

∆𝐻

𝑅
𝑥

1

𝑇
                  (6) 

Where KD (qe/Ce) refers to the distribution coefficient, R is the universal gas constant 

(8.314 J K-1 mol-1), and T (K) is the absolute temperature. 

3. RESULTS AND DISCUSSION 

3.1. FTIR, TGA-DTA analysis, and pHpzc 

FTIR spectroscopy identifies the functional groups on the adsorbents surfaces and the 

possible interactions between them and the adsorbate. FTIR spectra (Figure 1a) show a diversity 

of organic compounds on the surface of the pristine cell. The broadband observed in the region 

3800-3000 cm-1 could be assigned to O–H stretching in carbohydrates and N–H stretching of 

proteins, and amide II of chitin. The peak at 2931 cm-1 can be attributed to the CH2 group of 

lipids. The peak at 1651 cm-1 was assigned to the C=O stretching vibration or N–H bending 

vibration to the amide I from protein. Bonds of amide II and III (N–H or C–N vibration) also 

from proteins are observed at peaks 1543 and 1242 cm-1, respectively. The band at 1404 cm−1 

was due to the symmetric stretching of –COOH, and the peak at 1049 cm-1 was C–O stretching 

vibration of polysaccharides skeleton. The characteristic peak at 578 cm−1 corresponds to O–

P–O bending vibration of phosphate groups (Chen et al., 2020; Rossi et al., 2020; Wang et al., 

2017; Zhang et al., 2019). After the chemical activation of S. cerevisiae biomass, the peaks at 

3309 (O–H/N–H), 1543 (N–H/C–N), 1049 (C–O), and 578 (O–P–O) cm-1 shifted to 3286, 1535, 

1056, and 570 cm-1, respectively. After IBP adsorption, some of the bands have shifted from 

3286 to 3278 cm-1 (O–H/ N–H), 1651 to 1658 cm-1 (amide I), 1242 to 1234 cm-1 (amide III), 

1056 to 1049 (C–O), and 570 o 555 cm-1 (O–P–O). These results indicate that the carboxyl, 

hydroxyl, phosphoryl, and amino groups were involved in the biosorption process of IBP.  

 
Figure 1. Characterization of CA-YB: FTIR spectra (a), TGA/DTA curve 

(b), and point of zero charge (pHPZC) (c). 
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The thermogravimetric diagrams from TGA/DTA are displayed in Figure 1b. The TGA 

curve from CA-YB decomposition revealed some mass loss steps, which have been 

accompanied by endothermic and exothermic peaks in the DTA curve. The mass loss observed 

from room temperature to approximately 130°C is endothermic and corresponds to surface 

water evaporation. From 130 to 280°C represents the removal region of bound moisture and 

light volatile compounds (Padmavathy et al., 2003). The maximum mass loss was achieved in 

the next two exothermic steps, i.e., between 270 and 420°C and 420 and 670°C, indicating that 

the yeast compounds degraded in these ranges (Rossi et al., 2020). At a temperature above 

670°C, no other thermal effects and mass loss were observed.  

The point of zero charge (pHpzc) is the pH value where the net charge on the adsorbent 

surface is zero. The adsorbent surface will be negatively charged when the pHpzc < pH of the 

solution and positively charged when the pHpzc > pH of the solution. The plot of ΔpH versus 

initial pH showed that the pHpzc for CA-YB was 6.09 (Figure 1c). 

3.2. Effect of pH 

The effect of different initial pH on the removal of IBP by CA-YB is shown in Figure 2. 

The results indicated that the adsorption of IBP decreased from 4.0 to 0.3 mg g-1 when the pH 

increased from 2 to 10. The removal of IBP by pristine YB was also studied, but the removal 

was practically negligible (data not shown). The pKa value of ibuprofen is 4.9 (Chakraborty et 

al., 2018a), and can be used to explain the effect of pH on the IBP biosorption. When the pH 

value is above 4.9, the anionic form of IBP is the predominant species, while below this value, 

its molecular form is predominant (Chakraborty et al. 2018b). With an increase in the pH, the 

CA-YB surface becomes less positive, and the anionic form of IBP increases, decreasing the 

adsorption. At pH 2, the increased IBP removal suggests a minor electrostatic repulsion 

between the CA-YB surface with IBP.  

 
Figure 2. Effect of pH on the biosorption of IBP onto CA-YB. 

3.3. Effect of contact time and temperature 

Figure 3a shows the IBP biosorption by CA-YB at different contact times and 

temperatures. Rapid adsorption of IBP occurred during the first 10 min and was practically 

negligible after this time, which is advantageous considering the practical application. This 

rapid adsorption is attributed to the abundant availability of free active sites on the biosorbent 

surface at the beginning of the biosorption process, which became less efficient when these 

functional groups were occupied. Also, it can be seen that the biosorption capacity of CA-YB 

increased from 5.37 to 7.29 mg g-1 when the temperature was increased from 20 to 40°C, 
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indicating that an endothermic process controls the biosorption of IBP onto CA-YB. Since the 

highest removal efficiency (72,9%) was observed at 40°C, this temperature was used in 

subsequent experiments. 

 

Figure 3. Effect of contact time (a) and plot for pseudo-second-order model (b) for IBP 

biosorption onto CA-YB, at different temperatures. 

3.4. Kinetic studies 

Kinetics studies are essential for the modeling and design of the adsorption process. In this 

study, kinetic experiments of IBP removal were conducted at constant initial IBP concentration 

(10.0 mg L-1), 1.0 g L-1 of biosorbent, and temperatures of 20, 30, and 40°C. The experimental 

data of IBP adsorption were fitted with two well-established kinetic models, pseudo-first-order 

model and pseudo-second-order model (Table 1).  

The kinetic parameters (R2 and RMSE) calculated from two kinetic models are summarized 

in Table 2. Extremely high R2 values (R2 = 0.989-0.99, Figure 3b) for the pseudo-second-order 

model for all tested temperatures and values of calculated qe in agreement with the experimental 

qe values indicated that this model was the optimum kinetic model to represent IBP biosorption 

on CA-YB.  

Table 2. Pseudo-first-order and pseudo-

second-order kinetic parameters for the 

biosorption of IBP onto CA-YB, at different 

temperatures. 

Model 
Temperature (°C) 

20 30 40 

qexperimental 5.37 6.61 7.29 

Pseudo-first-order    

q1 (mg g-1) 7.43 1.354 4.74 

k1 (min-1) 0.013 0.016 0.002 

R2 0.121 0.313 0.002 

RMSE 0.379 0.257 0.436 

Pseudo-second-order 

q2 (mg g-1) 5.25 6.60 7.26 

k2 (g mg-1 min-1) 0.128 0.069 0.142 

R2 0.989 0.994 0.999 

RMSE 0.600 0.346 0.133 

3.5. Equilibrium isotherms 

This study conducted equilibrium experiments using solutions with different initial IBP 

concentrations (5.0-35.0 mg L-1), 1.0 g L-1 of biosorbent at 40°C. The biosorption of IBP onto 
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CA-YB was evaluated by Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherms 

models. Figure 4 shows the linearized plots for the isotherm models, and the calculated 

parameters are presented in Table 3.  

 
Figure 4. Plots for the isotherm models: (a) Langmuir, (b) Freundlich, and (c) D-R. 

Table 3. Isotherm parameters for the biosorption of IBP onto CA-YB.  

Model Parameter 

Langmuir  

qmax (mg g-1) 13.39 

KL (L mg-1) 0.043 

R2 0.903 

RMSE 0.049 

Freundlich  

KF (mg g-1) (mg L-1)-1/n 1.940 

n 1.133 

R2 0.911 

RMSE 0.190 

D-R  

qm (mmol g-1) 1,392 

β (mol2 J−2) 6.00 x 10-8 

E (kJ mol-1) 9.129 

R2 0.896 

RMSE 0.334 

Langmuir and Freundlich models described the equilibrium data quite well, with R2 higher 

than 0.9 and low RMSE. The Freundlich model, however, provided a better R2 value, with n > 

1.0, indicating that the biosorption process is favorable (Khadir et al., 2020). The maximum 

biosorption capacity predicted by the Langmuir model was 13.39 mg g-1. Table 4 compared the 

maximum adsorption capacities of CA-YB and other adsorbents. It was observed that the IBP 

adsorption capability using the CA-YB was comparable to those obtained for other adsorbents. 

The D-R isotherm model was used to determine the nature of the biosorption process as 

physical or chemical. From the activity coefficient β, the mean free energy of biosorption (E, 

kJ mol-1) was estimated using the Equation 7: 

𝐸 =
1

√2𝛽
               (7) 

The biosorption process is controlled by a chemical mechanism when E value falls in the 

range from 8-16 kJ mol-1, or the biosorption process proceeds through a physical mechanism if 

E < 8 kJ mol-1. The E value of 9.129 kJ mol-1 (Table 3) indicated that the biosorption of IBP 

onto CA-YB follows a chemical process. 
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Table 4. Maximum biosorption capacity of IBP onto CA-YB and other adsorbents. 

Adsorbent qmax (mg g-1) 

Graphene oxide nanoplatelets (Banerjee et al., 2016) 3.72 

Pine wood biochar (Essandoh et al., 2015) 10.74 

Physically activated Cocos nucifera shell biochar (Chakraborty et al., 2019) 9.43 

Chemically activated Cocos nucifera shell biochar (Chakraborty et al., 2019) 11.38 

Chemically activated date seed biochar (Chakraborty et al., 2020) 11.23 

Steam activated date seed biochar (Chakraborty et al., 2020) 13.17 

Cellulosic Sisal modified by polypyrrole-polyaniline nanoparticles (Khadir et al., 

2020) 
19.45 

Chemically activated Saccharomyces cerevisiae biomass (Present study) 13.39 

3.6. Thermodynamics studies 

Values of ΔS and ΔH were calculated by plotting lnKD vs 1/T (Figure 5). Thermodynamic 

parameters calculated at different temperatures (20, 30, and 40°C) are summarized in Table 5. 

The negative values of ΔG indicate that the IBP biosorption onto CA-YB is thermodynamically 

spontaneous and feasible. The positive ΔH value of 33.07 KJ mol-1 suggests an endothermic 

biosorption process facilitated by increasing temperature. The ΔS was also found to be positive 

(113.71 J mol-1 K-1), revealing the affinity of the CA-YB for IBP and showing that the 

randomness at the solid/solution interface increases during the biosorption of the drug. 

Table 5. Thermodynamic parameters estimated for IBP biosorption onto 

CA-YB. 

T (°C) KD ΔG (KJ mol-1) ΔH (KJ mol-1) ΔS (J mol-1 K-1) 

20 1.05 -0.263 33.07 113.71 

30 1.98 -1.400   

40 2.48 -2.537   

 
Figure 5. Plot of lnKD versus 1/T for estimation of 

thermodynamic parameters. 

4. CONCLUSIONS 

In this study, chemically activated Saccharomyces cerevisiae was used for IBP removal 

from aqueous solution. The highest biosorption rate was found at pH 2. The pseudo-second-

order model explained the kinetic data, and both Langmuir and Freundlich isotherm models 

described the equilibrium data well. The maximum biosorption capacity was estimated at 13.39 
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mg g-1 at 40°C. The biosorption of IBP onto CA-YB was chemical, endothermic, and 

spontaneous. FTIR analyses indicated that the carboxyl, hydroxyl, phosphoryl, and amino 

groups mediated the biosorption process of IBP. These findings proved that CA-YB could be 

used in IBP biosorption from aqueous media.  
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ABSTRACT  
This study evaluated the efficiency of electrocoagulation in removing chemical oxygen 

demand (COD), turbidity, and apparent color from the incineration effluent generated in a gas 

cleaning system (GCS). Modeling and optimization of the variables electric current (I), 

hydraulic retention time (HRT), and electrode distance (ED) were also performed in a batch 

reactor using iron electrodes. A 23 rotatable central composite design CCRD was used, with a 

total of 19 trials, with electric currents ranging from 1A and 5A, a retention time of the effluent 

in the reactor from 15 to 40 minutes, and electrode distance of 1 and 3 centimeters. An algorithm 

with the desirability function was created to optimize simultaneously the parameters studied. 

The treatment of GCS by electrocoagulation was satisfactory in removing turbidity, apparent 

color, and COD, with maximum removal efficiencies above 70% for all parameters, using HRT 

of 27.5 minutes, ED of 2 centimeters, and electric current of 1 A. The statistical analysis showed 

a good fit of the model, with a coefficient of determination of R2 > 0.9. The optimum operating 

condition was observed at 1A electric current, 27 minutes HRT, and 2 centimeters of electrode 

distance, with removals of 82.07, 86.86, and 70.82% of COD, turbidity, and apparent color, 

respectively. The simulated trials showed that lower electrolysis times can be used without 

impairing the treatment efficiency. Therefore, electrocoagulation may be a potential tool in the 

treatment of GCS. 

Keywords: coagulation, electrolysis, gas scrubber, incineration. 

Otimização do tratamento de efluentes da incineração de resíduos de 

saúde por eletrocoagulação com eletrodos de ferro 

RESUMO 
Este estudo teve como objetivo avaliar a eficiência da eletrocoagulação na remoção da 

demanda química de oxigênio (DQO), turbidez e cor aparente do efluente de incineração gerado 

em um sistema de limpeza de gases (SLG). A modelagem e otimização das variáveis corrente 

elétrica (I), tempo de retenção hidráulica (TRH) e distância do eletrodo (DE) também foram 

realizadas em um reator em batelada utilizando eletrodos de ferro. Foi utilizado um 
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delineamento composto central rotacional (DCCR) na 23 com um total de 19 ensaios, com 

correntes elétricas variando de 1A e 5A, tempo de retenção do efluente no reator de 15 a 40 

minutos e distância dos eletrodos de 1 e 3 centímetros. Um algoritmo com função de 

conveniência foi criado para otimizar simultaneamente os parâmetros estudados. O tratamento 

da GCS por eletrocoagulação foi satisfatório na remoção de turbidez, cor aparente e DQO, com 

eficiência máxima de remoção acima de 70% para todos os parâmetros, utilizando TRH de 27,5 

minutos, ED de 2 centímetros e corrente elétrica de 1 A. A análise estatística apresentou um 

bom ajuste do modelo com coeficiente de determinação de R2 > 0,9. A condição ótima de 

operação foi observada em corrente elétrica de 1A, 27 minutos de TRH e 2 centímetros de 

distância do eletrodo, com remoções de 82,07, 86,86 e 70,82% de DQO, turbidez e cor aparente, 

respectivamente. Os ensaios simulados mostraram que tempos de eletrólise mais baixos podem 

ser utilizados, sem prejudicar a eficiência do tratamento. Portanto, a eletrocoagulação pode ser 

uma ferramenta potencial no tratamento de SLG. 

Palavras-chave: coagulação, eletrólise, incineração, purificador de gás. 

1. INTRODUCTION 

Incineration is the most used method to treat healthcare waste (HCW), as it provides a 

significant reduction in the volume of waste and inactivation of pathogenic microorganisms. 

However, the emissions from HCW incineration often contain dioxins, polycyclic aromatic 

hydrocarbons, numerous volatile organic compounds, heavy metals, sulfur dioxide, nitrogen 

dioxide, particulate matter, and others, thus requiring atmospheric emission control (Thind et 

al., 2021).  

Emission control applications include the use of scrubber systems, in which pollutants are 

removed from the gas stream through the contact between the gas stream and a solvent, water, 

alkaline, or acidic solutions (Mendes, 2016). The effluents generated in the gas scrubbers of 

incineration plants (GCS) have a high polluting potential, with low pH and high concentration 

of dissolved and suspended solids. The fly ash contains contaminants like polychlorinated 

biphenyls, and trace metals such as, arsenic, beryllium, cadmium, chromium, lead, mercury and 

nickel, which can subsequently condense to form metallic particles, acid gasses, some salts, and 

chlorinated organic compounds (Silva and Lange, 2008; Bhargava, 2016; Thind et al.,2021).  

In the state of Bahia, there is no specific legislation for effluent discharge, thus CONAMA 

Resolution 430/2011 is adopted, which has established that the pH of effluents for discharge 

must be between 5 and 6, among other parameters. Therefore, the removal of pollutants from 

the effluents generated in the incinerator scrubbers is essential to mitigate possible impacts to 

the environment from their release into water resources. 

Electrocoagulation (EC) is considered a promising technique for the treatment of effluents 

generated during washing and separation of pollutants from HCW incineration. Studies have 

shown its efficiency in the removal of contaminants, such as textile dyes (Papadopoulos et al. 

2019), organic matter (Modenes et al., 2017; Piovesan, 2017), and nitrogen and phosphorus 

(Orssatto, 2017). 

As reported by Moussa et al. (2017), EC is an emerging technology for wastewater 

treatment since it combines the benefits of coagulation, flocculation, flotation, and 

electrochemistry. 

 The EC process consists of the deposition of coagulants in situ, by electrolytic oxidation 

reactions of conducting and semiconducting metals, triggered by the application of electric 

current (Chen, 2004; Vepsäläinen and Sillanpää, 2020), and iron stands out as the most used 

metal for this purpose (Módenes et al., 2017; Papadopoulos et al., 2019). In EC (Figure 1), ions 

from electrolytic oxidation of anode and cathode (iron) destabilize and neutralize the repulsive 
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forces that keep the particles suspended in water, favoring aggregation of the destabilized phase, 

contributing to easy physical removal of pollutants (Chen, 2004; Moussa et al., 2017). The main 

function of the sacrificial anode is the generation of polymeric hydroxides while the cathode 

allows a reduction of metal ions (Chen, 2004). The formation of bubbles during the process can 

also assist in the flotation of pollutants to the aqueous surface (Hakizimana et al., 2017). At 

acidic pH, iron is predominantly found as Fe 3+ ions that can react with anions present in the 

effluent (SO4 
2- , F-, Cl-, organic matter, among others) (Vepsäläinen and Sillanpää, 2020). It 

can occur in bivalent or trivalent form depending on the oxidation state, and when subjected to 

hydrolysis, different metal species can coexist in solution (Moussa et al., 2017). According to 

Chen (2004), the dissolution of coagulants by the application of electric current with iron 

electrodes is three times “higher when compared to aluminum electrodes. 

 
Figure 1. Schematic diagram of the electrocoagulation treatment. 

The efficiency of electrocoagulation in the effluent treatment depends on several factors, 

including the concentration of pollutants and the operating conditions in the reactor, such as 

electrode area, hydraulic retention time, voltage, current density, types of electrodes, and the 

amount and spacing between them (Hakizimana et al., 2017; Vepsäläinen and Sillanpää, 2020). 

Therefore, optimizing the factors involved in the process allows for problem-solving through 

the use of specific techniques under simulated conditions, enabling flexibility and application 

(Algeri et al., 2017). 

The importance of the waste treatment sector is noteworthy, given the increase in particle 

generation, mainly due to the COVID-19 pandemic, which has increased the demand for the 

health services around the world (OWS, 2020). There are no guidelines about the treatment of 

effluents from HCW incineration in fixed combustion chambers using water spray scrubbing 

systems. 

Given the above, this study investigated the efficiency of electrocoagulation in removing 

COD, turbidity, and apparent color from HCW by modeling and optimization of the parameters, 

using a batch reactor and iron electrodes. 

2. MATERIAL AND METHODS 
2.1. Gas scrubber effluent from HCW incineration 

The effluent from a gas scrubbing cleaning system was used in the study, from a dual-

chamber incinerator, with a capacity of 50kg h-1, located in a company that treats HCW from 

Groups A, B, and E. The company has an installed capacity of 385 tons of waste per year and 

generates 72 m3day-1 of effluent. The system works in a closed circuit, with the reuse of the 

effluent generated, which is stored in three 5,000 L tanks. 

The effluent was collected at the scrubber outlet after waste incineration (Groups A, B, and 
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E), and characterized for COD (closed reflux Method-5220 C), turbidity (nephelometric 

Method-2130 B), apparent color (Method 2120), pH (electrometric Method-4500 H+ B), iron 

concentration (flame atomic absorption spectrometry -FAAS), and electrical conductivity 

(Method 2510 A) (APHA et al., 1995). 

2.2. Experimental unit  

The EC treatment consisted of a batch reactor composed of a rectangular glass box with 

capacity of 2 L. For each trial, 1.5 L of effluent was used, and the pH was corrected to 2.8 with 

sodium hydroxide (NaOH) solution. The system was kept under constant stirring (100 rpm). 

The iron electrode was made from carbon steel plates A36. Electrodes consisting of four 

iron plates (7.0 cm width, 13.0 cm height, 1 mm thickness, 56 cm2) were arranged in parallel, 

and placed on a nylon technyl bar.  

2.3. Experimental design and statistical analysis 

A rotatable central composite design (RCCD) was used, with three independent variables 

(I, HRT, and ED). A 23 complete factorial design was performed, including 6 axial points and 

5 repetitions in the central point, totaling 19 trials, according to Table 1. 

Table 1. Number of trials and combination of the actual (I, HRT, and ED) 

and coded independent variables. 

  Coded levels  Actual Levels –Independent Variables 

N. Trials x1 x2 x3 I (A) HRT (min) ED (cm) 

1 1 -1 -1 -1 1.809 20 1.5* 

2 2 -1 -1 1 1.809 20 2.5* 

3 3 -1 1 1 1.809 35 2.5* 

4 4 1 -1 -1 4.19 20 1.5* 

5 5 1 1 -1 4.19 35 1.5* 

6 6 1 1 1 4.19 35 2.5* 

7 7 -1 1 -1 1.809 35 1.5* 

8 8 1 -1 1 4.19 20 2.5* 

9 9 -1.68 0 0 1 27.5 2 

10 10 1.68 0 0 5 27.5 2 

11 11 0 -1.68 0 3 15 2 

12 12 0 1.68 0 3 40 2 

13 13 0 0 -1.68 3 27.5 1 

14 14 0 0 1.68 3 27.5 3 

15 15 0 0 0 3 27.5 2 

16 15 0 0 0 3 27.5 2 

17 15 0 0 0 3 27.5 2 

18 15 0 0 0 3 27.5 2 

19 15 0 0 0 3 27.5 2 

* Values rounded from 1.4 cm to 1.5 cm and from 2.6 cm to 2.5 cm due to 

difficulties in setting up the design.  

The electric currents varied from 1A (5.9 mA cm-2) to 5A (29.7mA cm-2), the retention 

time of the effluent in the reactor varied from 15 to 40 minutes, and the distance between the 

electrodes ranged from 1 to 3 centimeters. The operation conditions were determined in 

preliminary tests. 

The results of COD, turbidity, and apparent color removal were used to determine the 

effluent purification efficiency. 

From the RCCD data, statistical models were generated using the software Statistical 

Analysis System (SAS) 9.4 to evaluate the relationship between the response variables (removal 
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efficiency of COD, turbidity, and color) and the other independent variables. Analysis of 

variance (ANOVA) was performed to validate the models at a 95% confidence interval  for F 

Test, and p-values indicated the significance of the models at a 95% confidence interval for the 

t-Test. 

Response surface graphs were used to determine the optimal operating parameters, and the 

adjustment of the parameters of the quadratic models was done by regression analysis. Equation 

1 shows the general model used. 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝐶𝑂𝐷, 𝑜𝑟 𝑡𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦, 𝑜𝑟 𝑐𝑜𝑙𝑜𝑟 = �̂�0 + �̂�1𝐼 + �̂�2𝐻𝑅𝑇 + �̂�3𝐷𝐸 + �̂�12𝐼 . 𝐻𝑅𝑇 +

�̂�13𝐼. 𝐸𝐷 + �̂�23𝐻𝑅𝑇. 𝐸𝐷 + �̂�11𝐼2 + �̂�22𝐻𝑅𝑇2 + �̂�33𝐸𝐷2                                                                 (1) 

Where �̂�0, �̂�1, �̂�2, �̂�3, �̂�12, �̂�13, �̂�23, �̂�11, �̂�22, �̂�33 are the parameters estimated for the model; 

the coefficient �̂� 0 is the constant term; (I) is the electrical current; (HRT) is the hydraulic 

retention time; and (ED) is the electrode distance. 

The desirability function approach defined by Derringer and Suich (1980) was used to 

simultaneously optimize the parameters, which provides direct search optimization algorithms 

in Scilab for the variables studied. 

3 RESULTS AND DISCUSSION  

3.1. Characterization of the effluent  

A high iron concentration (259.97 mg L-1) and high electrical conductivity (1396.65 ms 

cm-1), was observed in the effluent, which contributes to an effective electrocoagulation, since 

it leads to a decrease in the ohmic resistance of the effluent (Tahreen et al., 2020). 

The effluent exhibited 319 mg O2L
-1, 360 NTU, and 170 mg Pt L-1 for COD, turbidity, and 

apparent color, respectively, indicating a large amount of suspended and dissolved solids, 

giving it a dark appearance.  There are few studies in the literature on the physicochemical 

properties of the effluent generated in scrubber systems after incineration of health service 

waste, without pH neutralization. Silva and Santos (2019) characterized the effluents from the 

gas cleaning system after incineration of hazardous solid waste, in a moving bed type plant, 

subjected to acidic or alkaline washing, through six monitoring trials. The authors reported 

turbidity up to 97 NTU, color changes from 10 to 208 mg Pt L-1, total suspended solids between 

65 and 3080 mg L-1, and neutral pH of the effluent, due to the capture of the acid gases by the 

sodium hydroxide during the alkaline washing. They also reported that the COD of the ash 

washing water varied between 370 and 3004 mgO2 L
-1, which indicates a relevant amount of 

organic matter present in that type of effluent.  

The effluent of this study presented a high acidity, and pH 1.85. This result may be due to 

the formation of oxides during the combustion of solid waste, which forms strong acids when 

interacting with the water used in the atmosphere control system (Sampaio, 2014). 

3.2. Pollutant Removal Efficiency 

The different efficiencies of turbidity, COD, and apparent color removal after 19 trials are 

presented in Figure 2. All parameters reached more than 70% removal in at least one trial. 

The turbidity removal efficiency varied between 71.39% and 89.77% indicating a great 

removal of suspended solids for all assays. The higher turbidity removal was observed for Trial 

9, with 27.5 minutes of HRT, electrode distance of 2 cm, and 1ª of electric current or 5.9 

mA.cm-² of current density. In turn, the lower efficiency was observed for Trial 6, with 35 

minutes of HRT, 2.5 cm electrode distance, and 4.19 A or 29.7 mA.cm-² of current density.  
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Figure 2. Removal efficiency for turbidity, COD, 

and apparent color.  

For COD, removal efficiency ranged from 72.78% to 85.32%, proving the effectiveness of 

the treatment in the removal of organic compounds. A higher COD removal efficiency was 

observed for Trial 9, while Trial 11 presented the lower removal efficiency. 

Concerning the apparent color, as also observed for turbidity and COD, Trial 9 exhibited 

the higher removal efficiency, with 76.47%, while Trial 8 presented the lower removal 

efficiency, with 16.47%. These results show that electrocoagulation is efficient in the removal 

of dissolved solids as a function of the processing conditions. The low color removal (47.06%) 

may be due to a large amount of Fe present in the samples resulting from anodic dissolution 

(Moussa et al. 2017), since pH values below 5 during electrocoagulation lead to a predominance 

of trivalent Fe and Fe (OH)3 (Vepsäläinen and Sillanpää, 2020). Furthermore, the wastewater 

under study was subjected to no filtration procedure. After 24 h, iron decantation and a 

significant improvement of the effluent clarity were observed.  

The use of EC for pollutant removal using iron electrodes in this study was also performed 

by other authors. Módenes et al. (2017) reported removal efficiencies of 92, 99.63, and 99.16% 

for COD, color, and turbidity, respectively, in the treatment of poultry slaughterhouse effluent, 

while Piovesan (2017) studied landfill leachate treatment and found 86.58, 70.09, and 55.69% 

removal of turbidity, color, and COD, respectively, using 2 cm of ED.  

3.3. Modeling of the GCS electrocoagulation  

The adjusted models that describe the behavior of the response variables at a 95% 

confidence interval (p < 0.05) are presented in Equations 2, 3, and 4.  

𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  57.1832 +  15.63602𝑥1  +  0.75156 𝑥2   +
 3.88284 𝑥3  –  0.34162 𝑥1. 𝑥2 –  1.95622 𝑥1. 𝑥3  −  0.9157𝑥1

2                                                          (2) 

𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  80.99837 − 12.15065𝑥1   +  0.54821 𝑥2  +  0.0546𝑥3  −
0.1625 𝑥1. 𝑥2 + 2.70046 𝑥1

2                                                                                                       (3) 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑜𝑙𝑜𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
155.22376 –  5.57645 𝑥1 –  2.65721𝑥2–  57.56173𝑥3 – 13.51197𝑥1. 𝑥3  +
 1.43413𝑥2. 𝑥3  +  3.24454 𝑥1

2  +  13.59540 𝑥3
2                                                                         (4) 

The model validation was performed by analysis of variance (ANOVA). The results (Table 

2) showed reasonable regressions for turbidity, COD, and color, once they presented 

satisfactory fit to the model, with determination coefficients (R²) higher than 90%, and adjusted 

R2 higher than 84%, with a confidence interval of 95% (p<0.05) in the F test, indicating no 

significant difference between the experimental and predicted values. The discrepancies may 
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be due to the presence of noisy data. 

Table 2. ANOVA for turbidity, COD, and apparent color removal 

Parameter DF SS R2 Adjusted -R2 RMSE CV F tab. F value p-value 

Turbidity 7 445.47060 0.9432 0.9034 1.63824 1.93973 3.135 23.71 <.0001 

COD  6 173.48380 0.9020 0.8433 1.37263 1.80409 3.217 15.35 0.0002 

Color 8 3786.966 0.9763 0.9526 3.38837 7.51635 3.438 41.23 <.0001 

The response surface of the model (Figure 3) showed wide optimal ranges of electric 

current, hydraulic retention time, and electrode distance for high turbidity removals. For the 

electric current, the range with the best removal varied from 1 A (5.9 mA cm-2) to 3.2 A (19.04 

mA cm-2), which was limited by increasing ED and HRT. The variables ED and HRT showed 

high turbidity removal for all conditions tested, with a small improvement for the conditions of 

2.5 to 3 cm and 35 to 40 min, respectively.  

COD removal (%) 

  
Turbidity removal (%) 

  
Color removal (%) 

  
Figure 3. Response surfaces for percent removal of COD, turbidity, and apparent 

color as a function of electric current, electrode distance, and hydraulic retention 

time. 
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According to the response surface in Figure 3, the optimum COD removal was represented 

by a minimum point in the center and two optimal points for each independent variable, which 

was near 1A (5.9 mA cm-2) and 5 A (29.7 mA cm-2). For a lower current value, which is a 

desirable condition due to the lower operation costs, the optimal ED ranged from 1.3 -2.5 cm 

and HRT from 24 to 40 min.   

The response surfaces for color removal efficiency showed a tendency towards a lower 

optimal range for the electric current, from 1 to 1.5 A, for all HRT conditions, as observed for 

COD, and an optimal range for ED from 1.7 - 3.0 cm. 

The tendency of increasing the turbidity and color removals in Figure 3 is due to the higher 

efficiency of the electrocoagulation from the beginning of the process, with the application of 

a lower electric current. This behavior indicates that higher concentrations of iron hydroxide 

species are not necessary to clarify the effluent, once the crude effluent has high Fe 

concentration, which when submitted to hydrolysis in the system contributes to the formation 

of coagulants, which is a pH-dependent event (Moussa et al., 2017; Vepsäläinen and Sillanpää, 

2020).  

However, the COD removal (Figure 3) demanded a longer hydraulic retention time, which 

was also observed by Combatt et al. (2017), who studied the elimination of COD from 

slaughterhouse effluent using an iron electrode and similar pH and current density conditions, 

and reported a removal efficiency of 88.8% for an HRT of 60 minutes. 

Moreno-Casillas et al. (2007) investigated the electrocoagulation for COD removal and 

concluded that the removal efficiency and its variability depends on several factors, including 

the formation of agglomerates, which generally occurs at pH above 7.5 for Fe electrodes, the 

reactivity of organic compounds with Fe oxides, the solubility of the compounds formed, the 

final pH (especially for acidic compounds), and the pH increment with a consequent increase 

in the acidity. Probably, in this study, higher COD removals were not observed due to the low 

pH of GCS, which was lower than 6 for all trials.   

3.4. Global optimization of the GCS electrocoagulation  

The global optimization of GCS by electrocoagulation is necessary since wide and 

different regions of maximum efficiency were found for the three response variables. The Scilab 

algorithm using the desirability function allowed determining the global desirability D= 

1(Figure 4) of the system, which was maximized when all responses reached the maximum 

removal. The optimal point of the modeled system was reached with an electric current of 1A 

(5.9 mA cm-2), 27 minutes of HRT, and 2cm of ED, for simultaneous removal of 82.07, 86.86, 

and 70.82% of COD, turbidity, and apparent color, respectively.   

 
Figure 4. Response surface plots for overall desirability of GCS electrocoagulation using iron 

electrodes, for the variables ED (cm), I(A), and HRT (min). 
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The response surface plots for the global desirability function (Figure 4) confirmed the 

optimal point, showing that the factors ED and HRT can vary in a wide range without affecting 

the global desirability, i.e., a good removal efficiency can be reached unlike the electric current 

(I) that exhibited a narrow optimal range, causing a sharp drop in the global desirability even 

with small variations, which impairs the effluent treatment.  

The optimum point observed for the current of 1A (5.9 mA.cm-2) evidenced that this 

variable is a key operational parameter for the performance of the EC treatment of GCS. The 

antagonistic effect of this parameter for pollutant removal is due to the high iron concentration 

in the effluent. In contrast, some authors reported higher treatment efficiency with increasing 

the electric current, once it directly affects the dissociation of metal ions through anode 

oxidation and hydrogen formation at the cathode (Papadopoulos et al., 2019; Vepsäläinen and 

Sillanpää, 2020). Therefore, increasing the EC in the treatment of effluents with high iron 

concentration may not improve treatment efficiency. 

In contrast, Módenes et al. (2017) reported high removal efficiency of pollutants in 

wastewater by electrolytic processes at low current or current density, with maximum removals 

of 92.00, 99.63, and 99.16% for COD, color, and turbidity, respectively, with an electrolysis 

time of 50 min and current intensity of 2 A. 

An electrode distance of 2 cm is effective to prevent the passivating effect of the iron 

electrode and the increase in resistivity. As shown in Figure 4, at a lower current, ED lower 

than 1.5 cm led to a reduction in desirability index. According to Feng et al. (2021), lower 

distances can hinder the rapid movement of the bubbles and agglomerates generated in the plate 

electrolysis, and accelerate plate passivation, increasing resistivity, leading to reduced current 

efficiency and ion production rate.  

Despite the wide optimal range of ED from 1.5 cm (Figure 4), the increase in the spacing 

between the electrodes may not be an effective approach, once the passivating effect of the 

anode is potentiated with the increase of the distance between electrodes, leads to the formation 

of metal hydroxide film on the electrode surface, inhibits the oxidation of the anode, and 

decreases the amount of coagulant in situ, which leads to a lower efficiency in the removal of 

pollutants (Ghosh et al., 2005). In addition, the decrease in ohmic potential leads to maximum 

pollutant removal efficiency. This decrease in potential is proportional to the distance between 

electrodes, so its reduction is required to decrease energy costs (Chen, 2004) and electrolysis 

time, and increase the efficiency of the process, because there is an increase in mass transfer 

during the CE due to turbulence generated by the large formation of gas bubbles in this 

condition (Martínez-Villafañe et al., 2009). 

The electrolysis time can also directly affect the coagulant production in situ. According 

to Chen (2004), the COD removal in electrocoagulation occurs by oxidation of organic matter 

at the anode at higher detention times, allowing all electrochemical reactions to occur. The 

increase in the concentration of ions and their hydroxide agglomerates is proportional to the 

electrolysis time. 

4. CONCLUSION 

The crude effluent from GCS presented high concentrations of COD, iron, as well as very 

acidic pH and high turbidity and apparent color, therefore requiring treatment before release 

into water bodies. 

The high removal of turbidity, COD, and apparent color of this study showed that 

electrocoagulation was effective for the treatment of gas scrubber effluents.   

Statistical analysis showed that mathematical models can be used to simulate the effects 

of the parameters electric current intensity, hydraulic retention time, and electrode distance on 

turbidity, COD, and color removal. All models presented a good fit to the data, with a 

coefficient of determination R2 > 0.9 at a 95% confidence interval.  
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The optimum point was reached with an electrical current of 1A, a hydraulic retention time 

of 27 minutes, and electrode distance of 2 centimeters, with removals of 82.07, 86.86, and 

70.82% of COD, turbidity, and apparent color, respectively. The simulated conditions showed 

that lower electrolysis times can be used without impairing the treatment efficiency. 
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