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GENERAL SUMMARY 

Water scarcity in semi-arid regions, coupled with the global shift toward low-carbon 

policies, has intensified interest in unconventional water sources for agricultural use. 

Among these, produced water (PW) from the oil industry emerges as a promising yet 

underutilized resource in Brazil, constrained by technical, environmental, and regulatory 

challenges. This study aimed to assess the potential of PW as a sustainable alternative for 

irrigating bioenergy crops through an integrated approach combining comprehensive 

literature analysis and experimental evaluation. Chapter I presents a bibliometric 

assessment of wastewater reuse in agriculture, revealing a recent surge in scientific 

publications predominantly concentrated in the Middle East and North America. The 

analysis also highlights critical gaps in Brazilian legislation, the standardization of 

treatment technologies, and environmental monitoring, as well as the urgent need for 

further research on energy crops adapted to saline conditions. Chapter II delves into the 

technical and scientific discussion of the chemical composition of produced water (PW), 

the challenges of its management in Brazil, and the potential for reuse in irrigation. It also 

highlights that PW treatment technologies have been tested with positive results, and its 

agricultural reuse can promote synergies between the energy and agriculture sectors, 

contributing to the Sustainable Development Goals (SDGs). Chapter III reports the results 

of a greenhouse experiment with three bioenergy species4sorghum, elephant grass, and 

cotton4irrigated with PW dilutions. Soil physicochemical parameters and plant 

biometric variables were evaluated. The results indicated that PW irrigation increased soil 

salinity and sodium concentrations, especially at higher effluent concentrations. Despite 

this, sorghum and elephant grass showed good vegetative performance under moderate 

dilutions, indicating greater salt tolerance compared to cotton. The use of PW in irrigation 

proved viable, provided appropriate salinity management practices are observed. The 

results of this work demonstrate that PW, when properly treated and managed, can be 

strategically incorporated into irrigated agriculture, contributing to water resilience and 

productive sustainability in semiarid environments. 

Keywords: Unconventional water resources; Energy crops; Resilient agriculture. 

 

 



RESUMO GERAL 

A escassez de água nas regiões semiáridas e o avanço das políticas voltadas à economia 

de baixo carbono têm incentivado o uso de fontes não convencionais de água para fins 

agrícolas. Dentre elas, a água produzida (AP) oriunda da indústria do petróleo destaca-se 

como um recurso promissor, embora ainda subutilizado no Brasil devido às barreiras 

técnicas, ambientais e normativas. Assim, objetivou-se com a presente pesquisa avaliar o 

potencial da AP como alternativa sustentável para irrigação de cultivos bioenergéticos, 

por meio de uma abordagem integrada entre revisão teórica e experimentação prática. O 

Capítulo I apresenta uma análise bibliométrica de conteúdo sobre o uso agrícola de águas 

residuárias. Foi observado um crescimento recente nas publicações científicas sobre o 

tema, concentrados majoritariamente em países do Oriente Médio e América do Norte. 

Identificaram-se lacunas na legislação brasileira, na padronização de métodos de 

tratamento e no monitoramento ambiental, além da necessidade de mais estudos com 

culturas energéticas adaptadas às condições de salinidade. O Capítulo II aprofunda a 

discussão técnico-científica sobre a composição química da AP, os desafios de sua gestão 

no Brasil e o potencial de reúso na irrigação. Também destacou que as tecnologias de 

tratamento de AP vêm sendo testadas com bons resultados e seu reaproveitamento 

agrícola pode promover sinergias entre os setores de energia e agricultura, contribuindo 

para os Objetivos do Desenvolvimento Sustentável (ODS). O Capítulo III relata os 

resultados de experimento em casa de vegetação com três espécies bioenergéticas 4 

sorgo, capim-elefante e algodão 4 irrigadas com diluições de AP. Foram avaliados 

parâmetros físico-químicos do solo e variáveis biométricas das plantas. Os resultados 

indicaram que a irrigação com AP provocou aumento da salinidade e da concentração de 

sódio no solo, especialmente nas maiores concentrações do efluente. Apesar disso, sorgo 

e capim-elefante apresentaram bom desempenho vegetativo sob diluições moderadas, 

indicando maior tolerância aos sais em comparação ao algodão. O uso da AP na irrigação 

se mostrou viável, desde que observadas práticas adequadas de manejo da salinidade. Os 

resultados deste trabalho demonstram que a AP, quando adequadamente tratada e 

manejada, pode ser incorporada de forma estratégica à agricultura irrigada, contribuindo 

para a resiliência hídrica e a sustentabilidade produtiva em ambientes semiáridos. 

Palavras-chave: Recursos hídricos não convencionais; Culturas energéticas; Agricultura 

resiliente. 
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21

GENERAL INTRODUCTION 

Oil production in Brazil ranks among the largest in the world (Surrey, 1987; Anjos; 

Sombra; Spadini, 2024). The country currently extracts oil from both onshore fields, 

located on the continent, and offshore fields. During extraction, significant volumes of 

water, known as <produced water,= are generated (Clark; Veil, 2009). This is the main 

liquid waste produced by the oil and gas industry (Echchelh; Hess; Sakrabani, 2020), with 

millions of liters generated annually in Brazil. Because it originates from the geological 

formation of reservoirs, produced water (PW) has a variable and complex composition, 

containing high levels of salts, metals, hydrocarbons, radioactive materials, and additives 

used in exploration processes (McLaughlin et al., 2020). Its volume and characteristics 

vary according to the location, age of the well, and the extraction technique employed. 

In certain regions, especially those with semi-arid climates, the volume of PW 

generated is sufficient to be considered an alternative water source for agriculture 

(McLaughlin et al., 2020). The search for unconventional water sources has intensified 

in response to water scarcity, prolonged drought, and the need to preserve freshwater 

reserves for priority uses (Echchelh; Hess; Sakrabani, 2020; Ali et al., 2022). However, 

one of the main challenges to PW reuse is its high salinity, which can reduce agricultural 

productivity and complicate soil management. Even after dilution with freshwater, 

concerns regarding PW toxicity persist (Sedlacko et al., 2022), necessitating rigorous 

monitoring of soil conditions. 

The agricultural use of PW requires special attention to soil properties, particularly 

salinity and sodicity, which can be significantly altered by the application of this effluent 

(Burkhardt et al., 2015). The presence of recalcitrant organic matter, toxic organic 

compounds, and salts such as carbonates, bicarbonates, and heavy metals must also be 

considered, as they affect groundwater quality and soil fertility (Aslam et al., 2024). 

Nevertheless, technological advances have enabled the treatment of wastewater, 

including PW, making its use viable and safe for agricultural irrigation, especially in semi-

arid regions (Echchelh et al., 2019a). The reuse of PW thus represents a sustainable 

alternative for water resource management, contributing to environmental conservation 

and the circular economy. 

The growing global demand for raw materials for biofuel production poses an 

additional challenge to food security, especially in countries like Brazil, where the most 
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fertile areas are devoted to food production. In this context, the semi-arid Northeast region 

is emerging as a new strategic agricultural frontier for the cultivation of bioenergy crops 

in areas of low agricultural potential. The use of drought- and salinity-tolerant species 

such as sorghum, elephant grass, and cotton, irrigated with unconventional water 

resources such as PW, represents a promising opportunity to expand the national 

renewable energy matrix without competing with land designated for food production. 

Choosing plants adapted to salinity conditions is essential when using lower-

quality water for irrigation (Soltanbeigi et al., 2021). Selecting tolerant or resistant species 

is a key consideration in production systems that use PW as a water resource. Among 

oilseeds, cotton (Gossypium hirsutum L.) has stood out for its ability to adapt to semi-arid 

environments and its moderate tolerance to salinity.  

Cotton is an economically important crop in Brazil and exhibits good resistance 

to water and saline stress (Soares et al., 2020; An et al., 2025), although productivity can 

be affected by high saline concentrations depending on the species. Other cultivars can 

maintain good production characteristics even under saline irrigation (Rehman; Iqbal, 

2022). Furthermore, both crops generate value-added products, such as oils used in 

industry and in the production of biofuels, which makes them attractive to regions seeking 

sustainable production alternatives (Del Gatto et al., 2015). 

Another relevant group consists of species specific to biomass production, such 

as sorghum (Sorghum bicolor L. Moench) and elephant grass (Pennisetum purpureum). 

Sorghum stands out for its tolerance to drought and salinity, making it an excellent option 

for saline soils or soils irrigated with poor-quality water, enabling its development in 

semi-arid environments (Mwamahonje et al., 2021; Xin et al., 2022), in addition to its 

potential for bioenergy generation (Rooney et al., 2007; Mullet et al., 2014; Appiah-

Nkansah et al., 2019). Elephant grass, in turn, is a fast-growing plant with a high biomass 

yield, adaptable to poor-quality soils and water. Both species possess physiological and 

morphological mechanisms that favor their survival under saline stress and are 

recommended for use with PW in strategies for the recovery of degraded areas and 

sustainable production. 

The use of PW in agriculture must comply with current legislation. At the national 

level, CONAMA Resolution No. 357/2005 establishes criteria for the discharge of 

effluents into water bodies, while Resolution No. 393/2007 specifically addresses the 

disposal of PW on offshore platforms (MMA, 2005; MMA, 2007). At the state level, as 

in Ceará, COEMA Resolution No. 02/2017 defines parameters and limits for the reuse of 
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liquid effluents, ensuring that water quality is compatible with agricultural use (CEARÁ, 

2017). 

Given this context, it is imperative that traditionally high-emitting sectors, such as 

oil and gas, develop strategies aligned with climate goals. Reusing produced water (PW) 

in agricultural systems for biomass and biofuel production represents a promising 

alternative while also offering a new business opportunity for oil companies. Considering 

the progressive depletion of oil reserves, diversifying activities through sustainable 

initiatives can ensure future competitiveness, meet regulatory requirements, and 

contribute to international climate mitigation commitments. 

Oil-producing companies play a central role in the energy transition agenda, 

particularly through initiatives that involve the valorization of byproducts from the 

extraction process, such as PW. Using PW as an agricultural input for the cultivation of 

bioenergy species not only enables the reuse of a difficult-to-dispose effluent but also 

contributes to integrated emissions offsetting and carbon sequestration projects. The 

cultivation of plant biomass irrigated with PW can thus be seen as a strategy aligned with 

climate neutrality and circular economy policies, in addition to fostering carbon credit 

initiatives in partnership with the agricultural sector. 

Thus, this work is structured around complementary approaches: two 

comprehensive reviews on global and national PW production, its strategic role in the 

context of the Brazilian energy transition and as an alternative source of irrigation, 

highlighting its environmental challenges, agricultural potential, and contribution to 

sustainability and decarbonization; and an experimental study evaluating the feasibility 

of using treated PW and its dilutions for irrigating plant species, focusing on the effects 

on plant growth and soil salinity. By integrating theoretical and practical knowledge, the 

proposal aims to provide support for the safe and efficient reuse of PW in agriculture, 

contributing to water resource management in semi-arid regions and the advancement of 

sustainable solutions aligned with the circular economy and bioenergy generation. 
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CHAPTER I 

GLOBAL RESEARCH TRENDS ON WASTEWATER REUSE AND 
ENVIRONMENTAL SUSTAINABILITY: A BIBLIOMETRIC ANALYSIS (2010-

2025) 
 

Abstract - This bibliometric study analyzed scientific production related to wastewater 

reuse with a focus on environmental sustainability, from 2010 to 2025, based on data from 

the Web of Science. Searches were performed using the terms wastewater, reuse and 

environmental sustainability, and the data were processed with the support of the 

VOSviewer® and Bibliometrix tools. The results indicated a significant growth in 

publications from 2016 onwards, with emphasis on countries such as China, the United 

States, India and Brazil. The evaluation of thematic clusters and co-occurrence and co-

authorship networks revealed the consolidation of themes such as reuse in irrigation, 

application of bioadsorbents, use of membranes and use of microalgae in effluent 

treatment. On the other hand, emerging themes evidence the advancement of waste 

valorization, bioenergy production and the integration between water reuse and climate 

neutrality strategies. One of the main insights obtained was the identification of water 

produced by the oil industry as a strategic vector that is still underexploited, with the 

potential to irrigate bioenergy crops, contributing to the reduction of emissions and 

insertion in carbon credit markets. This gap represents a promising opportunity for the 

development of interdisciplinary research aimed at the decarbonization of water-intensive 

sectors. Thus, the bibliometric study not only maps the evolution and main actors of 

scientific production, but also signals future perspectives and priority areas for further 

study. 

 

Keywords: Wastewater; Reuse; Environmental sustainability. 
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1 INTRODUCTION 

 

The growing scarcity of water resources, aggravated by the effects of climate 

change, has driven the adoption of more sustainable water management strategies (Hasan 

et al., 2023) . In this context, the use of treated wastewater has emerged as an effective 

alternative for mitigating environmental impacts, increasing water resilience and 

conserving natural water bodies, especially in regions with water scarcity (Kandou et al., 

2023) 

Reuse practices cover a variety of sources, including: (i) treated domestic effluents 

(Ayaz et al., 2015), (ii) graywater from non-contaminating uses (Elhegazy; Eid, 2020), 

(iii) treated industrial effluents and (iv) urban rainwater (Pochwat, 2022). Each of these 

streams has different physical, chemical and microbiological compositions, requiring 

different combinations of treatments depending on the intended final destination. 

Treatment processes involve physical, chemical and biological steps and, when 

necessary, advanced technologies such as membrane filtration (Aziz et al., 2024; Ullah et 

al., 2020), ozonation (Cheng et al., 2024) and ultraviolet radiation (Guo et al., 2022; Sun 

et al., 2023). Depending on the efficiency of the process, the treated water becomes 

suitable for strategic non-potable uses, such as recharging aquifers, industrial cooling, 

washing public roads, dust control in mining areas and sanitary uses in buildings (Ma et 

al., 2022).  

The choice of end use depends on technical, regulatory and economic criteria, 

taking into account the required quality standards, associated health risks and the cost-

benefit of treatment (Tzanakakis; Capodaglio; Angelakis, 2023; Urkiaga et al., 2008). 

Consolidated applications include agricultural irrigation, especially in semi-arid regions 

where water scarcity compromises productivity and food security (Xing; Wang, 2024). 

Studies indicate that agricultural reuse can, in addition to providing water, supply 

essential nutrients to plants, such as nitrogen and phosphorus, contributing to agricultural 

practices integrated with the logic of the circular economy (Saliu; Oladoja, 2021). 

In this scenario, the reuse of so-called produced water, the effluent generated 

during oil and gas extraction activities (Feder, 2020; Nath; Chowdhury; Rhaman, 2023). 

In mature fields, the volumes of water extracted often exceed the volumes of oil, turning 

this by-product into a significant environmental liability. With its high salinity, presence 

of hydrocarbons, heavy metals and toxic organic compounds, produced water has 

traditionally been considered difficult to manage. However, recent technological 
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advances have boosted studies into its treatment and revalorization (Fito; Van Hulle, 

2021). 

Among the possible routes of utilization is the use of produced water as an 

alternative source for agricultural irrigation (Echchelh; Hess; Sakrabani, 2018; Kondash 

et al., 2020; Sedlacko et al., 2020). The viability of this practice often depends on the 

application of advanced purification technologies in order to reduce contaminants to 

acceptable levels while ensuring safety for the soil, crops and human health. This 

approach has aroused interest in arid and semi-arid regions, where oil production and 

water scarcity coincide, as is the case in areas of the Middle East, North America and the 

Brazilian Northeast (Marangon et al., 2020; Rahman et al., 2024). 

Given this panorama, it is important to understand how the scientific literature has 

approached water reuse and, in particular, produced water. Bibliometric analyses are 

robust methodological tools for mapping the state of the art of a field of knowledge 

(Lazarides; Lazaridou; Papanas, 2023; Pessin; Yamane; Siman, 2022), identifying the 

main research centers, reference authors, consolidated themes and emerging lines (Kipper 

et al., 2020; Oktavio; Harsono, 2024). 

This study therefore proposes a bibliometric analysis of the scientific literature on 

the subject, based on the key terms Wastewater, Reuse and "Environmental 

Sustainability". The aim of this analysis is to identify whether the use of water produced 

by the oil industry for irrigation is an incipient or consolidated line of research, as well as 

pointing out gaps in knowledge and subsidizing future research. 

2. METHODOLOGY 

 

This bibliometric review was conducted using a systematic approach, with the aim 

of mapping international scientific production related to the use of wastewater and its 

interface with environmental sustainability. The methodological design adopted follows 

models consolidated in the literature (Martins et al., 2024; Melo et al., 2024, 2025) widely 

used to analyze scientific networks, collaboration patterns and identify emerging trends. 

The methodological structure used is based on recognized databases, with clear 

eligibility criteria, and combines the use of robust analytical tools with standardized 

network visualization and interpretation strategies. By adopting this approach, the aim is 

to ensure reproducibility, transparency and adherence to the good methodological 
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practices observed in the main scientific journals focused on mapping knowledge. Figure 

1 illustrates the stages of bibliometric research. 

 

Figure 1. Bibliometric methodology for research on water reuse. 

2.1 Source and search criteria 

 

The database used was the Web of Science - Core Collection, recognized for its 

multidisciplinary scope and reliability in scientific impact analyses. The search strategy 

used a combination of the key terms: "wastewater", "reuse" and "environmental 

sustainability", applied to all indexed fields (title, abstract, keywords and associated 

fields). The time frame covered the period from 2010 to 2025, limited to the English 
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language and the document types "article" and "review", in accordance with the 

established bibliometric eligibility criteria. 

2.2 Data collection and processing 

 

The bibliographic records were exported directly from the Web of Science in 

formats compatible with the software used (.txt and .csv). In a preliminary stage, the data 

was organized and checked in Microsoft Excel®to check, clean duplicates and verify the 

consistency of the metadata (year, title, authors, country, institution, journal, keywords, 

among others). After this stage, the files were processed in the analysis software. 

2.3 Analysis and visualization tools 

 

Two complementary environments were used for the quantitative and structural 

analyses: 

• VOSviewer® (version 1.6.20): used to build network maps related to the co-

occurrence of keywords, co-authorship between authors, institutions and 

countries, co-citation of journals and Total Link Strength (TLS). The tool made it 

possible to identify thematic groupings (clusters), as well as emerging trends 

based on the density and interconnectivity of the terms. 

• Bibliometrix (version 3), operated in the R language using the 

RStudio®environment: used to generate statistical graphs, productivity tables (by 

author, journal and country), thematic analysis by strategic clusters and the 

temporal evolution of publications. This tool enabled a robust descriptive analysis 

of the corpus, helping to identify research fronts, emerging keywords and priority 

areas. 

2.4 Analysis strategy 

 

The analyses carried out covered quantitative and structural aspects of the 

literature, such as the evolution of the number of publications over the years, the 

identification of the authors, institutions and countries with the greatest scientific 

contribution, and the most relevant journals on the subject. Co-authorship networks, co-

citation and co-occurrence of terms were also examined, with a focus on forming thematic 
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clusters and identifying research gaps. The software parameters were adjusted based on 

minimum frequencies of occurrence (n g X, depending on the metric) and strength of 

linkage (TLS) between the elements, in order to ensure the robustness of the 

visualizations and the statistical relevance of the thematic groupings identified. 

3. RESULTS AND DISCUSSION 

3.1 General overview of scientific production (2010-2025) 
 

The query carried out on the Web of Science (WoS) database, using the combined 

descriptors ("wastewater", "reuse" and "environmental sustainability") resulted in a total 

of 212.546 publications with the term "wastewater". By refining the search to the 

intersection with "reuse", the number was reduced to 20.224 articles. Finally, the 

simultaneous combination of the three terms restricted the set to just 183 records from 

2010 to 2025, as shown in Figure 2. 

Figure 2. Publications by keyword combination in Web of Science (2010-2025). 
 

This progressive reduction highlights the broad scope of the "wastewater" field, 

but also reveals that only a fraction of the literature explicitly contextualizes reuse within 

the scope of environmental sustainability. This gap is significant, since wastewater use 

involves variables that go beyond treatment efficiency, including economic, 

environmental, regulatory and social aspects (Ma et al., 2022; Silva et al., 2022). 

According to Kumar; Goyal (2020) and Torkayesh et al. (2022) the advancement of 

sustainable reuse strategies requires integrated approaches, based on tools such as life 

cycle assessment, water governance and multi-criteria analysis. 

The evolutionary analysis of the number of publications over time indicates that 

scientific production on the three themes combined has grown significantly since 2015, 
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in line with the intensification of water crises in regions such as the Middle East, North 

Africa, South Asia and Latin America. This growth also reflects the consolidation of 

regulatory frameworks for reuse, policies to encourage the circular economy and 

advances in clean technologies in countries such as China, India, Spain and Australia 

(Yánez et al., 2024). 

Among the 183 articles found, approaches focusing on: 

• Use of constructed wetlands as natural treatment systems (Vymazal, 2022); 

• Integration of reuse with bioenergy production and nutrient recovery (Martins et 

al., 2024); 

• Development of natural adsorbents and functional nanomaterials for selective 

purification (Melo et al., 2024); 

• Agricultural applications of treated wastewater, with an emphasis on safe 

irrigation (Mishra; Kumar; Kumar, 2023; Ofori et al., 2021); 

Figure 3 shows the evolution of the number of publications related to the terms 

"wastewater", "reuse" and "environmental sustainability" from 2010 to 2025, based on 

data from the Web of Science. There is a clear upward trend in scientific production over 

the last 15 years, with a significant increase from 2020 onwards. 

During the initial years (2010-2015), production was negligible, with a maximum 

of three articles per year, reflecting the embryonic stage of research integrating 

wastewater use with the theme of environmental sustainability. However, from 2016 

onwards, there was more consistent growth, culminating in a significant leap from 2020, 

when 17 articles were published, almost triple the number recorded in 2019.  

The peak occurred in 2024, with 36 publications, indicating the height of scientific 

interest in the topic. This increase may be associated with the intensification of global 

policies aimed at the circular economy, water security and countries' commitments to the 

Sustainable Development Goals (SDGs), especially SDGs 6, 12 and 13. 

In 2025, even though the data was still partial at the time of analysis, the number 

of publications already equaled the 2022 total (23 articles), suggesting that interest in the 

subject remains high. This growth reveals not only a quantitative increase, but also a 

maturing of the area, as will be discussed in the following sections based on the analysis 

of keywords, collaboration networks and strategic themes. 
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Figure 3. Annual publication output for selected keyword combinations (Web of 
Science, 2010-2025). 

 

These works show that, although the document base is limited, it concentrates 

advanced, diverse and interdisciplinary initiatives that contribute directly to strengthening 

water reuse as an environmental sustainability strategy. Based on this bibliographic base, 

this study will outline the main thematic axes and discuss their evolution and 

interconnections, with a view to identifying opportunities for expansion and innovation.  

3.2 Main authors, journals, institutions and countries 

 

Table 1 shows the ranking of the 10 authors, journals, institutions and countries 

with the highest number of publications on water reuse with an emphasis on 

sustainability, between 2010 and 2025. The data shows the significant and diverse 

scientific contribution of different regions and authors in consolidating this 

interdisciplinary field.  
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Table 1. Ranking of the 10 main authors, journals, institutions and countries with the 
most publications on the use of wastewater with an emphasis on sustainability in the last 
15 years. 

RANKING 
 

NP NC AC 

AUTHORS 

1 Du, Hongbo 3 51 17.00 

2 Fatima, Faryal 3 51 17.00 

3 Kommalapati, Raghava R. 2 45 22.50 

4 Liu, Junxin 2 95 47.50 

5 Silva, Jorge Alejandro 2 155 77.50 

6 Wang, Xu 2 95 47.50 

7 Zhang, Qiong 2 103 51.50 

8 Asamoah, George Adu 1 1 1.00 

9 Asmatulu, Eylem 1 3 3.00 

10 Baffoe, Janet 1 1 1.00 

JOURNALS 

1 Journal of Cleaner Production 19 701 36.89 

2 Journal of Environmental Management 11 347 31.55 

3 Science of The Total Environment 9 221 24.56 

4 Water 7 84 12.00 

5 Separation and Purification Technology 6 59 9.83 

6 Sustainability 6 169 28.17 

7 Chemical Engineering Journal 5 24 4.80 

8 Journal of Water Process Engineering 5 225 45.00 

9 Desalination and Water Treatment 4 20 5.00 

10 Agricultural Water Management 3 99 33.00 

INSTITUTIONS 

1 Chinese Academy of Sciences 5 168 33.60 

2 University of Chinese Academy of Sciences 4 92 23.00 

3 Indian Institutes of Technology 3 110 36.67 

4 King Saud University 3 7 2.33 

5 Lebanese Amer University 3 134 44.67 

6 Prairie View A&M University 3 51 17.00 

7 Saveetha Institute of Medical and Technical Sciences 3 145 48.33 

8 Tsinghua University 3 92 30.67 

9 University of Catania 3 74 24.67 

10 University of Johannesburg 3 128 42.67 

COUNTRIES 

1 USA 33 619 34.00 

2 China 29 778 10.00 

3 India 24 866 9.00 

4 Italy 18 283 6.00 

5 Saudi Arabia 12 200 3.00 

6 Saudi Arabia 11 170 2.00 

7 Malaysia 10 582 4.00 

8 Egypt 8 125 2.00 

9 Iran 7 192 1.00 

10 Spain 7 70 0.00 
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Note: NP = number of publications; NC = number of citations; AC = average number of 
citations (NC/NP). 

 

Among the authors, Du, Hongbo and Fatima, Faryal lead the way with three 

publications each, accumulating 51 citations and an average of 17 citations per article. 

However, the highlight in terms of average impact belongs to Silva, Jorge Alejandro, with 

77.5 citations per article, despite having only two publications on the subject. These 

figures indicate that, in addition to productivity, there are authors whose specific 

contributions are highly relevant to the scientific community. 

With regard to journals, the Journal of Cleaner Production stands out as the most 

productive, with 19 published articles and 701 citations, resulting in an average citation 

index (AC) of 36.89. This was followed by the Journal of Environmental Management 

and Science of The Total Environment, confirming the relevance of these journals in the 

debate on environmental sustainability and water reuse. The Journal of Water Process 

Engineering, despite having only five articles, has a high average citation index (45.00), 

which reinforces its impact in the area. 

In terms of institutions, the Chinese Academy of Sciences appears to be the most 

productive, with five articles and an AC of 33.6. The Saveetha Institute of Medical and 

Technical Sciences, although it has the same number of publications as other institutions 

(three), obtained the highest AC, with 48.33, suggesting the high quality and impact of 

its contributions. The institutions Tsinghua University, University of Johannesburg and 

Lebanese American University also stand out for their volume of citations and balanced 

productivity. 

Among the countries, the United States leads in number of publications (33) and 

maintains a relevant AC of 34.00. However, China, with 29 articles, obtained the highest 

absolute number of citations (778), albeit with an AC of only 10.00. India, Italy and Brazil 

complete the list of the most active countries, especially Brazil which, despite having 11 

publications, has a low AC (2.00), indicating room to increase the impact of national 

research on the subject. These quantitative results serve as the basis for the visual analyses 

presented in the following figures, which detail the collaboration networks between 

authors, institutions and countries, as well as highlighting the central journals in the 

dissemination of knowledge on the use of wastewater with a sustainable approach. 

The analysis of co-authorship and collaboration networks is a fundamental 

component of bibliometrics, as it makes it possible to understand the organization of 
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knowledge, the main agents producing science and the dynamics of the dissemination of 

ideas and technologies. Figure 4 shows the most relevant clusters of authors, institutions, 

journals and countries in the literature on the use of wastewater with a focus on 

environmental sustainability. 

 

B) 

A) 
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Figure 4 Scientific collaboration networks on wastewater reuse and sustainability 
research: A) authors, B) institutions, C) journals and D) countries. 

Figure 4A shows the collaboration network between the main authors based on 

co-authorship. It shows five large groups (clusters), each with strong internal connections 

and occasional relationships between clusters. The largest of these is led by Wang, Xu 

and Liu, Jun Xin, who make up a relevant axis of research concentrated in China, with 

C
)a

D) 
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strong production on the removal of contaminants, the use of adsorbents and membrane 

technologies (Yang. et al., 2021). This cluster is strongly focused on technical and 

experimental applications. 

Another prominent cluster is centered on researchers such as Cashman, Sarah, 

Garland, Jay and Okut, who have strong ties to the US Environmental Protection Agency 

and US institutions. This group takes a more interdisciplinary approach, focusing on life 

cycle assessment (LCA), multi-criteria decision making and public perception of water 

reuse (Opher; Friedler; Shapira, 2019; Opher; Shapira; Friedler, 2018). 

The presence of authors such as Silva, Jorge Alejandro and Asmatulu, Eylem 

(Table 2) also indicates the active participation of Latin American and Middle Eastern 

groups in international networks. The link between clusters reinforces that, although there 

is geographical polarization, international collaborations are intensifying. 

Figure 4B shows the institutional co-authorship clusters. In it, the Chinese 

Academy of Sciences emerges as an important pillar of the network, both in terms of 

production and articulation with other Asian institutions, such as Tsinghua University and 

Harbin Institute of Technology, which lead cutting-edge technological research into 

membranes, nanomaterials and resource recovery (Ge et al., 2024; Guo et al., 2021). 

The Saveetha Institute of Medical and Technical Sciences and the Universiti 

Teknologi Petronas also occupy central positions, with emphasis on their joint work with 

researchers from Malaysia and India. These institutions have been consolidating 

themselves as emerging research centers applied to water reuse in tropical and industrial 

contexts (Kumar; Goyal, 2020). 

European and American institutions, such as the University of South Florida, 

Stanford University and again the Chinese Academy of Sciences, also appear as hubs, but 

with a greater focus on sustainability and water governance. It is important to note that 

some Latin American institutions, such as the Integrated Regional University of Alto 

Uruguay and the Missions, Erechim campus (Brazil) and the University of Catania, also 

appear in the network, albeit in peripheral positions. This institutional analysis reveals the 

multipolar configuration of water reuse research, with a strong Asian role and the growth 

of research centers in Africa and Latin America with bilateral collaborations. 

Figure 4C shows the main scientific journals by their co-citation network. The 

Journal of Cleaner Production stands out as the most central journal, acting as a bridge 

between technical, environmental and social approaches to water reuse. Its central 
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position demonstrates its role in integrating different areas, including environmental 

engineering, sustainable management and public policies (Almeida et al., 2017). 

Other highly relevant journals are: 

• Science of the Total Environment, focusing on interdisciplinary studies on 

contamination and remediation; 

• Sustainability, with an emphasis on circular models, environmental impacts and 

reuse policies; 

• Journal of Water Process Engineering, which focuses on experimental and 

technological approaches to purification and treatment; 

• Environment International, with a growing emphasis on risk assessments and 

public health. 

The presence of journals from different areas, such as engineering, environmental 

chemistry, management and public policy, reinforces the interdisciplinary nature of the 

field. The network shows that the literature on water reuse is not limited to sanitary 

engineering, but is strongly connected to the principles of sustainability, governance and 

the circular economy (Capodaglio; Angelakis; Tzanakakis, 2023; Fernandes; Marques, 

2023; Smeets et al., 2020). 

Figure 4D shows an analysis of the collaboration networks between countries, 

highlighting the geographical distribution and international links in scientific production. 

The United States and China stand out as central nodes, with a high density of 

connections. The United States establishes significant collaborations with countries in 

Western Europe (England, Italy, Germany), Latin America (Brazil, Mexico) and Asia 

(India, Malaysia, Taiwan), reflecting its traditional role as a global articulator of research 

into water sustainability (Adetoro et al., 2021). 

China, in turn, shows strong integration with Asian and African countries such as 

Malaysia, Turkey and Ethiopia, consolidating a hub of technical and experimental 

innovation. India has emerged as a link between the Middle East and Southeast Asia, 

reinforcing a regional configuration around issues applied to agricultural and urban water 

reuse. 

In Europe, Italy appears as an important hub for connections with countries in 

Africa and Asia, such as Ethiopia, Singapore and Belgium, broadening the scope of 

European research in tropical contexts. Countries such as Brazil, Iran, Egypt and South 

Africa occupy intermediate positions, acting as strategic bridges between consolidated 
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research centers and regions with critical needs for sustainable water management 

solutions (Santos; Carvalho; Martins, 2023). 

This international network shows a deconcentration of scientific production, with 

the emergence of South-South collaborations and the strengthening of new scientific 

centers, especially in developing countries. This reinforces the importance of global 

funding and scientific cooperation strategies to tackle contemporary water challenges. 

3.3 Most cited articles  
 

An analysis of the most cited articles in the bibliometric database reveals the main 

conceptual and methodological vectors that structure the field of wastewater use with a 

focus on environmental sustainability. The 15 articles with the highest number of citations 

between 2010 and 2025 (Table 2) were published in high impact factor journals such as 

the Journal of Cleaner Production, Environmental Science & Technology, Science of the 

Total Environment, Green Chemistry and Proceedings of the National Academy of 

Sciences of the United States of America. These journals occupy prominent positions in 

the co-citation networks discussed above (Figure 4C), reinforcing their centrality in the 

scientific consolidation of the topic.
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Table 2. 15 most cited articles on wastewater reuse and environmental sustainability (2010-2025). 
RANKING TITLE OF ARTICLE FIRST AUTHOR MAGAZINE YEAR CITATIONS REFERENCES 

1 
Role of electrocoagulation in wastewater treatment: A developmental review 

 
Amina Tahreen 

Journal of Water Process 
Engineering 

2020 208 
Tahreen; Jami; Ali, 

2020) 

2 

Wastewater Treatment and Reuse for Sustainable Water Resources Management: 
A Systematic Literature Review 

 

Jorge Alejandro Silva Sustainability 2023 140 (Silva, 2023) 

3 

Applications of fluidized bed reactors in wastewater treatment: A 

review of the major design and operational parameters 

 

Mustapha Mohammed Bello Journal of Cleaner Production 2017 140 
(Bello; Abdul Raman; 
Purushothaman, 2017) 

4 

Analysis of the polyester clothing value chain to identify key intervention points 
for sustainability 

 

Cristina Palacios-Mateo Environmental Science Europe 2021 132 
(Palacios-Mateo; van 

der Meer; Seide, 2021) 

5 

Algae biotechnology for industrial wastewater treatment, bioenergy production, 
and high-value bioproducts 

 

Ashfaq Ahmad 
Science of the Total 

Environment 2022 119 (Ahmad et al., 2022) 

6 

Performance of various catalysts on treatment of refractory pollutants in 
industrial wastewater by catalytic wet air oxidation: A review 

 

Sushma Yadav 
Journal of Environmental 

Management 2018 108 
(Sushma; Kumari; 

Saroha, 2018) 

7 

Environmental technology and wastewater treatment: Strategies to achieve 
environmental Sustainability 

 

Syed Abdul Rehman Khan Chemosphere 2022 107 (Khan et al., 2022) 

8 

Low carbon hydrogen production from a waste-based biorefinery system and 
environmental sustainability assessment 

 

Omprakash Sarkar Green Chemistry 2021 104 

(Sarkar; Katakojwala; 
Mohan, 2021) 

 

9 

How Does Scale of Implementation Impact the Environmental Sustainability of 
Wastewater Treatment Integrated with Resource Recovery? 

 

Pablo Cornejo 
Environmental Science & 

Technology 
2016 91 

(Cornejo; Zhang; 
Mihelcic, 2016) 

10 
The innovative Osmotic Membrane Bioreactor (OMBR) for reuse of wastewater 

 
Emile Cornelissen Water Science & Technology 2011 91 

(Cornelissen et al., 
2011) 

11 

Wastewater reclamation and reuse potentials in agriculture: 
towards environmental sustainability 

 

Jemal Fito 
Environment, Development and 

Sustainability 
2021 85 (Fito; Van Hulle, 2021) 

12 

Magnesiation roasting-acid leaching: A zero-discharge method for 
vanadium extraction from vanadium slag 

 

Hong-Yi Li Journal of Cleaner Production 2020 85 (Li et al., 2020) 

13 

Probabilistic evaluation of integrating resource recovery into wastewater 
treatment to improve environmental sustainability 

 

Xu Wang 

Proceedings of the National 
Academy of Sciences of the 

United States of America 

2015 76 (Wang et al., 2015) 

14 
Wastewater treatment: A short assessment on available techniques 

 
Afreen Nishat Alexandria Engineering Journal 2023 74 (Nishat et al., 2023) 

15 

Are view on sustainable reuse applications of Fentons ludge During wastewater 
treatment 

 

 

Lihui Gao 

 

Frontiers of Environmental 
Science & Engineering 

2022 73 (Gao et al., 2022) 
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Noteworthy works include that by Tahreen, Jami and Ali (2020), with 208 

citations, which offers a critical review of the use of electrocoagulation in wastewater 

treatment. The article combines a technological approach with a feasibility analysis for 

application in developing countries, reinforcing the importance of affordable solutions 

with a low environmental impact. 

Another highlight is the article by Silva (2023), which presents a systematic 

review of water reuse and sustainable management, based on more than 140 studies. Its 

high citation rate, despite being recent, indicates adherence to a contemporary debate on 

water security and the circular economy, with a strong focus on public policies and 

integrated water resource management. 

The recurring presence of articles aimed at evaluating emerging technologies, 

such as fluidized bed reactors (Bello; Abdul Raman; Purushothaman, 2017), catalytic 

processes (Sushma; Kumari; Saroha, 2018) and bioenergy from effluents (Ahmad et al., 

2022; Sarkar; Katakojwala; Mohan, 2021), highlights the central role of technological 

innovation in advancing the field. These studies focus on improving process efficiency, 

reducing the carbon footprint and using waste energy, themes also identified in 

institutional co-authorship networks (Figure 4B) and collaborations between countries 

with semi-arid climates and growing industrialization (Figure 5). 

The contribution of authors such as Khan et al. (2022) and Wang et al. (2015) 

represents the intersection between sustainability and the probabilistic assessment of 

environmental impacts. The article by Wang et al. (2015) for example, integrates 

statistical modeling and probabilistic scenarios to measure the net benefits of resource 

recovery in sewage treatment plants, and is exemplary in the use of sustainability 

indicators on a large scale. This approach has been especially relevant in formulating 

guidelines for implementing solutions in developing countries, as reinforced by Ahmad 

et al. (2022). 

It is worth noting that the majority of the most cited articles adopt interdisciplinary 

approaches, combining environmental engineering, life cycle assessment (LCA), green 

chemistry, public policies and resource economics. This confirms the cross-cutting nature 

of the subject, as pointed out in the co-citation analyses and in the journals mapped. In 

addition, there is a rise in authors from countries such as India, China, Iran and Brazil, 

indicating the expansion of qualified scientific production beyond the traditional centers 

of the Global North. 
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These articles represent not only the state of the art of research in the area, but also 

point the way to future investigations. Issues such as the feasibility of low-cost solutions, 

energy integration, regional adaptation of technologies and social and economic 

sustainability metrics remain central to new research agendas. 

3.4 International and institutional collaboration  
 

The analysis of institutional and international collaborations reveals the building 

of a robust and diverse global network in the field of wastewater use with a focus on 

environmental sustainability. This expansion of international scientific connections 

complements the findings in Figure 4, showing a growing multipolarity in the global 

knowledge production system. 

Figure 5A shows a world map of collaborations by country, in which we see strong 

links between the United States and China, which reaffirm their role as technical and 

scientific leaders. India also occupies a prominent position, articulating intense 

collaborations with countries in Southeast Asia, the Middle East and the United States 

itself. In addition, there is a dense network of interactions involving European countries 

such as Germany, Spain, Italy and England, consolidating Europe as a strategic hub for 

scientific articulation with a focus on water governance and sustainability. 

Brazil, although in a less central position, shows consistent growth in scientific 

interactions, with collaborations directed towards Western Europe and Latin America. 

This intermediate position is evidence of a continuous effort towards international 

integration, especially in areas related to agricultural reuse, such as fertigation with 

treated effluents, constructed wetlands and low-cost technologies - critical areas for 

tropical and semi-arid regions, as pointed out by Ahmad et al. (2022). 

Figure 5A deepens this analysis by integrating geographical, institutional and 

thematic dimensions, revealing how authors, institutions and countries articulate around 

common scientific agendas. It can be seen that researchers such as Kumar V., 

Kommalapati R.R. and Du H.B. act as links between centers of excellence in the United 

States, China, India and Malaysia, with emphasis on institutions such as the Texas A&M 

University System, Prairie View A&M University and the Saveetha Institute of Medical 

and Technical Sciences. These connections not only illustrate the intensification of 

science diplomacy, but also highlight the role of technical universities and emerging 
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institutes in advancing solutions applied to water reuse in urban and agricultural 

environments. 

Institutions with a strong experimental base, such as the Chinese Academy of 

Sciences and the University of Tehran, have taken a leading role in multilateral projects, 

while centers such as the Consejo Superior de Investigaciones Científicas in Spain and 

the Federal University of Rio Grande do Norte in Brazil have stood out for incorporating 

sustainability and governance metrics into technological projects. These arrangements 

reflect an ongoing effort to transdiscipline and regionalize solutions, aligning science, 

policy and innovation to tackle global water challenges. 

Therefore, the integration between the co-authorship maps (Figure 4), 

geographical links (Figure 5A) and institutional flows (Figure 5B) confirms the trend 

towards internationalization of water reuse research, with a strong Asian centrality, 

consolidation of South-South networks and appreciation of collaborations that prioritize 

technology transfer adapted to vulnerable socio-environmental contexts. 

 

 

A)
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Figure 5. International collaborations and thematic research structure: A) Global map of 
co-authorships between countries; B) Network of countries, institutions and thematic 
areas. 

3.5 Main keywords and their evolution over time 

 

Based on the publications indexed between 2010 and 2025, visualizations were 

generated using VOSviewer®and Bibliometrix software, which made it possible to map 

the patterns of keyword competition. The resulting figures helped to identify five main 

thematic axes, whose characterization is presented below. These axes reflect the current 

state of the field and point to promising directions for scientific and technological 

development. 

Figure 6A shows the most recurrent terms, such as "reuse", "removal", 

"environmental sustainability", "wastewater reuse", "circular economy", "adsorption" and 

"life cycle assessment". The red and orange hues indicate a high density of occurrences 

and a strong thematic connection, reflecting the concentration of research into treatment 

technologies, environmental assessment and reuse strategies. Terms associated with 

specific technologies also stand out, such as "reverse osmosis", "ultrafiltration", 

"membrane fouling", "anaerobic digestion" and "adsorbent". The presence of terms such 

as "bioremediation", "activated carbon", "nanoparticles" and "kinetics" points to technical 

advances in sustainable solutions applied to wastewater treatment. 

B) 
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Figure 6B complements this analysis by illustrating the temporal overlap of the 

main terms used, highlighting the emergence and persistence of themes over time. It can 

be seen that terms such as "treatment", "performance", "effluent" and "sustainability" are 

long-lasting and highly relevant, consolidating themselves as conceptual foundations of 

the field. In contrast, more recent words such as "nanoparticles", "biochar", "composites" 

and "desalination" emerge in the final years of the series, reflecting the technical 

sophistication of more current approaches. This visualization makes it possible to clearly 

identify the transition from a focus on treatment efficiency to more integrated approaches 

to sustainability and the circular economy. 

Figure 6C shows the thematic groupings structured based on the co-occurrence of 

keywords. It shows the formation of conceptual clusters around "treatment", 

"performance", "recycling" and "effluent", suggesting that these themes form the 

consolidated foundation of the literature. These terms are often associated with the 

efficiency of technologies, the quality of treated water and the suitability of reuse in 

applications such as irrigation, aquifer recharge and industrial uses. 

The term "performance", strongly correlated with "treatment" and "effluent" in the 

previous visualizations, highlights the interest in quantitative indicators of effectiveness, 

such as the removal of nutrients, pathogens and emerging contaminants. Studies such as 

those by Agarwal; Singh (2022) and Bhave; Naik; Salunkhe (2020) explore these 

relationships using constructed wetlands, membrane bioreactors and moving bed biofilm 

reactors integrated with UV and electrochemical disinfection systems. 

Figure 6D complements this analysis by illustrating the temporal evolution of the 

keywords using a Sankey chart, dividing the most frequent terms into four intervals 

(2010-2020, 2021-2022, 2023-2024 and 2025-2025). It can be seen that in the initial 

years, generic terms such as "reuse" and "performance" predominated. From 2021 

onwards, more technical and specialized terms became more prominent, such as "heavy-

metals", "nanofiltration", "methylene-blue" and "energy". In more recent years (2023-

2025), there is a rise in terms such as "reclamation", "composites", "aqueous solution" 

and "desalination", indicating greater sophistication in reuse approaches in the face of the 

complexity of contaminants. 

These data demonstrate not only the consolidation of the field, but also its 

interdisciplinary evolution, encompassing aspects of environmental chemistry, process 

engineering, energy, agriculture and policy formulation. The permanence of the terms 
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"reuse" and "removal" throughout the time series reinforces their role as structuring axes 

in the scientific debate on the use of wastewater. 

 

 

 

A) 

B) 
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Figure 6. Bibliometric analysis of keywords related to wastewater reuse (2010-2025): 
A) Density map highlighting the most frequently occurring terms; B) Temporal overlay 
map showing keyword trends; C) Cluster map of thematic structures based on keyword 
relationships; and D) Temporal evolution of the main keywords 

 

3.6 Emerging and rising themes 

 

Figure 7 shows a thematic map built from the co-occurrence of keywords, based 

on a matrix normalized by cosine similarity and clustering via the Louvain algorithm. The 

clusters are distributed along two axes: centrality, which indicates the relevance of the 

topic in the scientific field, and density, which reflects its degree of internal development. 

C) 
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This visualization makes it possible to identify consolidated, emerging or peripheral 

themes in the area analyzed (Su; Lee, 2010).  

The chronological analysis of the keywords shows a transition in the literature on 

wastewater use: from the traditional focus on treatment efficiency and pollutant removal 

to a more systemic and interdisciplinary approach. An agenda aimed at integrating 

concepts such as bioenergy, irrigation, resource recovery and the circular economy is 

gaining prominence, indicating the maturing of circular models in which water reuse is 

no longer a final solution but becomes part of sustainable production chains. 

Figure 7. Temporal evolution and co-occurrence map of emerging topics in wastewater 
reuse research (2010-2025). 

 

This trend is illustrated by studies such as that by Martins et al. (2024) 

investigating the use of agricultural and industrial waste in bioreactors to produce 

biohydrogen, integrating wastewater treatment with clean energy generation. The 

growing use of membrane bioreactors reinforces this integrated approach, promoting 

highly efficient hybrid processes that combine purification and energy use, as discussed 

by Kujawa, Giwa and Dindi (2019). 

Another highlight is the advance of technologies based on constructed wetlands. 

Works such as those by Hendy et al. (2023) and Singh et al. (2021) demonstrate their 

technical and economic viability for domestic treatment and agricultural irrigation, 

especially in semi-arid regions. These solutions are particularly relevant from the 

perspective of water resilience, as they enable the recovery of biomass and the agricultural 

use of treated water. 
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The growth in the use of the terms "reuse in agriculture", "constructed wetlands", 

"sorption", "membrane bioreactors" and "life cycle assessment" after 2017 suggests a 

deeper technical and environmental evaluation of reuse systems. Opher and Friedler 

(2016) , for example, apply life cycle assessment to different scales of urban reuse, 

demonstrating the operational and environmental advantages of decentralized models. 

Also noteworthy is the incorporation of resource recovery approaches, which go 

beyond water reuse to include the production of fertilizers, biogas, green hydrogen and 

phosphorus recovery through processes such as struvite precipitation and anaerobic 

digestion. 

This paradigm shift is also reflected in the scientific questions that have come to 

guide the field, such as: 

• What are the net environmental impacts of reuse in different contexts? 

• Which technologies offer the greatest synergy between purification, recovery and 

value generation? 

• How can water reuse be integrated into agro-ecological and energy planning? 

These directions have significantly expanded the scope of the field, signaling a 

new generation of wastewater solutions based on the multifunctionality of effluents as 

strategic inputs. 

3.7 Specific themes under development 
 

The thematic map generated in Bibliometrix (Figure 8) allows recurring topics to 

be classified according to two axes: centrality (relevance in the field) and density (degree 

of conceptual maturity). This organization results in four quadrants with distinct 

characteristics: 

• Top right quadrant - Driving themes: these include widely developed and central 

topics such as "wastewater treatment", "reuse", "performance" and "activated 

sludge". They are pillars of the literature, underpinning conventional technical 

practices with a high degree of consolidation. 

• Upper left quadrant - Well-developed niche themes: these represent areas such as 

"sorption" and "membranes", with a high technical level, but little integration with 

other themes.  
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• Lower right quadrant - Emerging or transitional themes: these cover topics such 

as "bioenergy", "constructed wetlands", "irrigation" and "resource recovery", 

which stand out for their potential for productive integration. 

• Lower left quadrant - Declining or still incipient themes: these include "industrial 

wastewater" and "UV disinfection", whose application has been replaced by 

hybrid approaches. 

Figure 8. Strategic thematic map: Centrality and density of central, niche and transition 
themes in wastewater reuse. 
 

These classifications reveal that although certain topics located in the lower left 

quadrant of the thematic map have low centrality and density, they should not be 

considered marginal. On the contrary, topics such as "quality", "systems" and "irrigation" 

point to emerging niches of great potential, especially when analyzed in the light of 

contemporary challenges such as water scarcity and pressure on agricultural production. 

For example, irrigation practices with reused water are increasingly being studied 

as viable and sustainable alternatives in semi-arid regions and intensive agriculture, 

requiring customized approaches for monitoring water quality, phytosanitary safety and 

agronomic efficiency. The use of constructed wetlands with ornamental or forage plants, 

as investigated by Alemán-Chang et al. (2018) illustrates solutions that can be adapted to 

the peri-urban context, combining ecological and productive benefits. 

Similarly, technologies such as membrane bioreactors, activated carbon and 

modified zeolites continue to be explored for wastewater treatment with a focus on 

removing emerging contaminants and compacting systems. Despite challenges such as 
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operating costs and the formation of by-products, these technologies have potential for 

application in controlled irrigation systems, especially where water quality needs to be 

rigorously adjusted to the type of crop. 

3.8 Integration between technical and strategic topics 

 

The convergence between technical topics (such as adsorption, membrane 

filtration and anaerobic digestion) and strategic topics (such as sustainability, policy, 

governance and life cycle assessment) is one of the most significant transformations in 

the field of wastewater use. This trend is visible in the semantic groupings in Figure 7 and 

in the positioning of themes on the thematic map in Figure 8. 

Khan et al.(2022) is an example of a researcher who argues that the expansion of 

safe reuse depends on technical robustness combined with public acceptance, clear 

regulations and transparency in the processes. A study by Hendy et al. (2023) shows that 

decentralized urban reuse systems can surpass traditional models, provided they are 

aligned with public policies and environmental education actions. 

Local governments and public institutions play a strategic role in making reuse 

viable. Initiatives such as that of the city of Sant Cugat del Vallès (Spain), with economic 

incentives and clear regulatory frameworks, illustrate the impact of governance. 

Conceptual models such as those addressed by Kaya, Pintossi and Dane (2021) show that 

factors such as risk perception, consumer behavior and environmental trade-offs need to 

be considered in public policies.  

This rapprochement between engineering, environmental economics and the 

social sciences represents an important turning point: reuse is now understood as a 

complex practice that requires multisectoral coordination for its acceptance and long-term 

viability. 

3.9 Future trends and frontiers of knowledge 

 

Figure 9 shows a co-occurrence map of keywords generated by multiple 

correspondence analysis (MCA). Based on a co-occurrence matrix, the terms are 

projected onto a two-dimensional space, where the proximity between them reflects 

semantic similarity. The clusters, defined by clustering algorithms (such as k-means), 

indicate cohesive thematic groups. This approach makes it possible to visualize the 
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conceptual structure of the literature and identify central, emerging or peripheral areas in 

the field of study.  

In this sense, the analysis of thematic clusters (Figure 9), combined with the 

strategic maps of centrality and impact (Figure 8), allows us to visualize the intellectual 

structure of the area of wastewater treatment with a focus on environmental sustainability, 

revealing recurring conceptual and technological groupings in publications between 2010 

and 2025. These clusters reflect the different strands of scientific development and offer 

concrete clues for consolidating future agendas. 

3.9.1 Red cluster - wastewater treatment and conventional technologies 

 

This cluster concentrates keywords such as "removal", "performance", "effluent" 

and "pollution", reflecting the traditional focus on treatment efficiency. Studies highlight 

the evolution of systems based on converting activated sludge into biochar as an adsorbent 

for removing contaminants from water (Nancharaiah; Sarvajith, 2021) as well as the 

removal of nitrogen and phosphorus (Liu et al., 2023). The high semantic density of this 

cluster reveals its maturity, but also its limited integration with broader sustainability 

approaches. 

3.9.2 Green cluster - adsorption and advanced materials 

 

This cluster is characterized by terms such as "Adsorption", "nanoparticles", 

"activated carbon" and "biochar", indicating advances in the use of synthetic and natural 

adsorbents. The review by Melo et al. (2024) highlights the use of nanocomposites based 

on enzymes (such as immobilized lipases) and hybrid materials (graphene, metal oxides) 

with high selectivity for emerging contaminants. In addition, recent studies point to 

strategies for in situ regeneration and the reuse of adsorbents in agriculture as soil 

conditioners.  

3.9.3 Yellow cluster - sustainability and life cycle assessment 
 

This cluster connects terms such as "life cycle assessment" and "circular 

economy", representing the effort to integrate environmental, energy and social metrics 

into reuse decisions. Khan et al. (2022) point to the growing incorporation of life cycle 
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analysis, including water, energy and carbon footprint indicators, as well as multi-criteria 

approaches for strategic decisions in public policy. Although this cluster is dense, it has 

moderate centrality, which indicates that it has the potential to become a thematic driving 

force in the coming years. 

3.9.4 Purple cluster - resource recovery and energy production 

 

Terms such as "biogas", "biohydrogen" and "resource recovery" predominate 

here. The studies in this group, such as the one by Martins et al. (2024) use hybrid 

digesters to produce biohydrogen and stand out as a promising technological frontier. The 

interconnection between wastewater treatment, energy generation and nutrient recovery 

(such as struvite) reinforces the integration with the principles of the circular bioeconomy. 

3.9.5 Blue cluster - agricultural reuse and irrigation 

 

With keywords such as "irrigation", "quality", "salinity", "drip irrigation", 

"fertigation", this cluster represents a rapidly growing line of research and points to the 

growth of literature on the application of treated effluents in agriculture, especially in 

semi-arid areas. The interface between agronomic safety and water efficiency makes this 

cluster particularly strategic for semi-arid regions, as highlighted in the study by Xing 

and Wang (2024). In addition, emerging technologies, such as the use of produced water 

from the oil industry applied to agriculture, are gaining prominence and appear as 

promising alternatives in different regions of the world.
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Figure 9. Keyword grouping and thematic grouping in wastewater reuse and 
environmental sustainability. 

3.10. Thematic expansion: the keyword "produced-water" as an emerging insight 
 

Once the emerging insight of the keyword "produced water" had been identified, 

a complementary scientometric search was carried out on the Web of Science database, 

using the same methodological approach adopted in this study. The combination of the 

terms "produced water", wastewater, reuse and "environmental sustainability", for the 

period 2010 to 2025, resulted in only 4 indexed documents (2 articles and 2 reviews), all 

in English. This small number shows that, although the term is present in the literature, 

there is not yet enough critical mass for a structured quantitative bibliometric analysis. 

Figure 10 shows the networks generated from these few results.  
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Figure 10. Networks based on the Web of Science keyword "produced water" (2010-
2025): A) Author co-authorship network; B) Co-authorship network of institutions; C) 
Country co-authorship network. 
 

 

The co-authorship network between authors (Figure 10) shows a restricted 

collaborative nucleus, led by Daniel Alessi and collaborators, with connections 

concentrated on studies on hydrocarbons and environmental impacts. However, the 

network of institutions (Figure 10B) is made up exclusively of Chinese institutions, with 

low geographical diversity, which reinforces the limitation of the internationalization of 

the theme in this specific context. The network of countries (Figure 10D) reveals an even 

A) B) 

C) 
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more dispersed pattern: only five countries appear (China, Canada, Germany, the United 

States and Nigeria), without the formation of strong international links. 

In terms of keyword co-occurrence analysis (Figure 11), it can be seen that 

"produced water" is associated with technical terms such as "wastewater", "organic 

compounds", "hydraulic fracturing", "natural gas" and "drinking water", signaling a 

thematic axis focused on the oil and gas industry, but still with a low density structure 

and no independent clusters. Despite the limitations found, the data reinforces that 

"produced water" is on the rise conceptually, being frequently mentioned in the body of 

the texts, although not formally registered as a keyword in several articles. 

 

Figure 11. Keyword co-occurrence network obtained from the analysis of articles 
related to the expression "produced water", indexed in the Web of Science database 
(2010-2025). 

3.11. Integration of clusters and "Insights" for the future  
 

Despite the thematic segmentation between the clusters identified, there is a 

growing interconnectivity between the groups related to conventional wastewater 

treatment, adsorption and agricultural reuse. This convergence suggests a transition from 

the "pollutant removal" paradigm to an "effluent valorization" approach, especially 

relevant in the context of the circular economy. 
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This integration is even more strategic when considering the introduction of a new 

technological frontier: the reuse of "produced water" co-produced during the extraction 

of oil and natural gas. This is a large-volume industrial effluent with a complex 

composition (highly saline, with hydrocarbons, heavy metals and persistent organic 

compounds), which has historically been treated as waste, but is now beginning to be 

approached as a strategic resource in agricultural and energy contexts. 

One study revealed that the available annual supply of produced water in the 

Permian Basin has been estimated at more than 45 million m3 (Sabie; Pillsbury; Xu, 

2022). Volumes generated by some wells in the United States produce 13 times more 

water than oil in mature fields, such as the Permian (Scanlon et al., 2017). In Brazil, 

official data from the National Agency of Petroleum, Natural Gas and Biofuels (ANP, 

2023) indicate that mature fields in the Recôncavo, Potiguar and Sergipe-Alagoas basins 

are still active, accounting for significant portions of total production. According to the 

ANP's Dynamic Production Panel, more than 80% of the water produced nationally 

comes from these mature fields, with volumes that often exceed those of extracted oil, 

requiring specific technological and logistical solutions for their management. 

In addition to Brazil and the United States, countries such as Saudi Arabia, Iran, 

Algeria and China also face the challenge of managing produced water in advanced 

extraction fields. In Saudi Arabia, it is estimated that the ratio of water to oil in some 

fields exceeds 90%, making reinjection and strategic agricultural reuse a priority in arid 

regions. In Iran, public policies have encouraged controlled agricultural reuse, while in 

China pilot programs seek to integrate the reuse of this effluent with bioenergy chains and 

industrial reforestation. 

The potential for reusing this water is especially associated with the irrigation of 

non-edible, salinity-tolerant crops (such as sorghum, elephant grass and halophytes), 

aimed at producing energy biomass. Technologies such as electrocoagulation (Tahreen; 

Jami; Ali, 2020), fluidized bed reactors (Bello; Abdul Raman; Purushothaman, 2017), 

advanced oxidative processes and bioremediation with microalgae (Ahmad et al., 2022; 

Khan et al., 2022) have shown promising results. In addition, studies point to the 

agronomic and environmental viability of systems that integrate partial desalination, 

bioadsorption and localized fertigation (Imbernón-Mulero et al., 2023). 

The application of microalgae stands out not only as a purification tool, but also 

as a producer of valuable biomass. Several studies have demonstrated their ability to 

metabolize toxic compounds, reduce heavy metals and generate raw materials for 
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bioenergy and agricultural inputs (Christou et al., 2024; Fito; Van Hulle, 2021; 

McLaughlin et al., 2020). 

This biomass can be converted into products such as briquettes and biochar - the 

latter widely recognized for its potential to sequester carbon and improve soil quality. 

Initiatives by startups such as Charm Industrial (United States), Qualterra (United States) 

and Varaha (India) have shown that the reuse of organic waste from biomass can be 

integrated into certified carbon credit markets (Karan et al., 2023; Yang, Q. et al., 2021). 

This logic opens up space for an innovative model in which the oil industry itself, 

traditionally a generator of large volumes of wastewater, becomes a promoter of circular, 

low-carbon solutions. By using the water produced to cultivate fast-growing species with 

low nutritional requirements, a value chain is integrated that connects emissions 

mitigation, liability recovery and value generation. 

Figure 12 illustrates the flow between the generation of produced water, its 

treatment and application in the irrigation of salinity-tolerant crops. These crops, such as 

sorghum, elephant grass and halophytes, are converted into biomass for the production of 

solid (briquettes), liquid (biodiesel) and gaseous (biogas) biofuels, as well as biochar for 

agricultural application. At the end of the cycle, this process generates measurable 

environmental benefits, including waste reduction, carbon sequestration and the 

generation of certified carbon credits. 

This strategy is directly aligned with international commitments such as the Paris 

Agreement (IPCC, 2022; UNEP, 2023) and contributes directly to SDGs 6, 7 and 13. 

Organizations such as FAO, the Global Bioenergy Partnership (GBEP) and the 

International Renewable Energy Agency (IRENA) recognize the role of bioenergy 

integrated with water management as a resilient solution to climate change. 
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Figure 12. Conceptual framework for the agricultural reuse of produced water for 
bioenergy production and carbon circularity. 

 

From a corporate point of view, the reuse of produced water represents a 

multifunctional strategy: it reduces operating costs with waste disposal, strengthens ESG 

(Environmental, Social and Governance) indicators and opens up opportunities for 

generating revenue with bioenergy and carbon credits (Cini; Ferrari, 2025). Major 

companies in the oil and energy sector, such as Shell, Equinor and Saudi Aramco, already 

highlight these guidelines in their sustainability reports, highlighting targets for reducing 

effluent disposal and increasing reuse in internal and external production chains. Such 

initiatives raise ESG scores and make companies more attractive to investors committed 

to sustainable criteria (GRESB, 2023). 

From a commercial perspective, the systematization of these technological routes 

offers relevant subsidies for structuring new business models, validating spin-offs and 

formulating public and private policies that favour economically viable circular solutions. 

Faced with global commitments to carbon neutrality and water security, applied research 

and sectoral case studies will be decisive in guiding public and private managers to adopt 

resilient practices with a low environmental impact. 

In the scientific field, the convergence between water reuse, energy agriculture 

and climate mitigation strategies forms an emerging and intersectoral agenda. The 

technical, environmental and economic viability of these systems still requires further 

investigation, especially in terms of the agronomic efficiency of crops irrigated with 
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produced water, the behavior of contaminants in the soil and the indirect impacts on the 

water and carbon footprint (Ahmad et al., 2022; McLaughlin et al., 2020). 

It is important to note that, in some contexts, the direct use of produced water, 

with minimal or no prior treatment, can be viable, especially for non-food crops grown in 

controlled or remote environments. This approach, while requiring rigorous 

ecotoxicological monitoring, can result in significant savings for extractive industries, 

especially where the costs of transportation and conventional water treatment are high. 

This possibility is gaining momentum in arid regions with severe water scarcity 

and limited infrastructure, such as parts of Iran, Oman, Saudi Arabia and the Brazilian 

semi-arid region. In these scenarios, direct reuse, provided it is combined with safety 

protocols and adaptive management, can accelerate the implementation of circular 

models in industrial and agricultural chains (Danforth et al., 2020; Helmecke; Fries; 

Schulte, 2020).  

Thus, there is ample room for conceptual expansion and practical application of 

the reuse of produced water, particularly when associated with the production of bio-

inputs and environmental valorization via carbon credits. In this context, new studies are 

essential for academic maturity and commercial innovation, promoting convergence 

between environmental engineering, agronomy, the circular economy and the energy 

transition. Bibliometrics is thus a strategic tool for mapping trends, identifying gaps and 

directing investments towards sustainability. 

4. CONCLUSION 

 

The bibliometric analysis carried out based on 183 publications indexed in the 

Web of Science between 2010 and 2025 made it possible to identify global trends, gaps 

and potential research directions related to wastewater, reuse and environmental 

sustainability. The annual evolution of publications revealed constant growth, with the 

years 2021 and 2023 standing out as having the highest number of published studies. 

China, the United States and India led the way in terms of volume of publications, while 

European countries such as Spain and Italy stood out for their higher average number of 

citations per article, indicating strong regional scientific influence. Chinese institutions 

such as the Chinese Academy of Sciences and Beijing Normal University were among 

the most productive, while the University of California system and the Consejo Superior 

de Investigaciones Científicas (Spain) had the greatest impact in terms of citations. 
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Among the most relevant journals were Science of The Total Environment, 

Journal of Cleaner Production and Water Research, all of which have a high impact factor 

and play a strategic role in scientific dissemination on the subject. The most frequent 

keywords reveal a technical and environmental approach, centered on the treatment, reuse 

and agricultural application of wastewater, reflecting the growing integration between 

water sustainability, food security and the circular economy. The thematic clusters 

indicate a consolidating field, with an emphasis on biological treatment, irrigation and 

energy. 

An additional insight identified was the keyword "produced water", which, 

although not yet consolidated as a main descriptor, appeared in articles focused on 

industrial effluent management and environmental sustainability. A complementary 

search with this word, using the same methodological criteria, returned only four 

publications, an insufficient number for a robust bibliometric analysis. However, the co-

occurrence networks formed indicated clusters related to the oil industry, hydraulic 

fracturing and environmental risks, suggesting an emerging and promising field. 

Thus, the results provide a comprehensive overview of current scientific 

production on wastewater reuse and environmental sustainability, while highlighting 

opportunities for future research - especially on the use of produced water and its role in 

the energy transition and water security in vulnerable regions. 

 

 

 



64

REFERENCES  
 

ADETORO, A. A. et al. Temporal evaluation of global trends in water footprint, water 
sustainability and water productivity research. Scientific African, [s. l.], v. 12, p. 
e00732, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S2468227621000363. Accessed on: 
June 17, 2025. 

AGARWAL, S.; SINGH, A. P. Performance evaluation of textile wastewater treatment 
techniques using sustainability index: An integrated fuzzy approach of assessment. 
Journal of Cleaner Production, [s. l.], v. 337, p. 130384, 2022. Available at: 
https://www.sciencedirect.com/science/article/pii/S0959652622000300. Accessed on: 
June 17, 2025. 

AHMAD, A. et al. Algae biotechnology for industrial wastewater treatment, bioenergy 
production, and high-value bioproducts. Science of The Total Environment, [s. l.], v. 
806, p. 150585, 2022. Available at: 
https://www.sciencedirect.com/science/article/pii/S0048969721056631. Accessed on: 
June 16, 2025. 

ALEMÁN-CHANG, A. J. et al. Role of Wetland Plants and Use of Ornamental 
Flowering Plants in Constructed Wetlands for Wastewater Treatment: A Review. 
Applied Sciences, [s. l.], 2018. Available at: https://consensus.app/papers/role-of-
wetland-plants-and-use-of-ornamental-flowering-alem%C3%A1n-chang-
ordu%C3%B1as/c0be11c2da9959a6967b9b27fc71d632/. Accessed on: June 17, 2025. 

ALMEIDA, C. M. V. B. et al. Cleaner Production towards a sustainable transition. 
Journal of Cleaner Production, [s. l.], v. 142, Cleaner production towards a 
sustainable transition, p. 1-7, 2017. Available at: 
https://www.sciencedirect.com/science/article/pii/S0959652616317140. Accessed on: 
June 17, 2025. 

AMARAL, A. et al. Chemical composition and calorific value of elephant grass 
varieties and other feedstocks intended for direct combustion. Grassland Science, [s. 
l.], 2021. Available at: https://consensus.app/papers/chemical-composition-and-
calorific-value-of-elephant-amaral-carneiro/b56bb5e9eaef57b6a6bd27d14ab38967/. 
Accessed on: June 22, 2025. 

ANP. Home Page - National Agency of Petroleum, Natural Gas and Biofuels. [S. l.], 
2023. Available at: https://www.gov.br/anp/pt-br. Accessed on: June 17, 2025.  

AYAZ, S. Ç. et al. Effluent quality and reuse potential of domestic wastewater treated in 
a pilot-scale hybrid constructed wetland system. Journal of Environmental 
Management, [s. l.], v. 156, p. 115-120, 2015. Available at: 
https://www.sciencedirect.com/science/article/pii/S0301479715001796. Accessed on: 
June 17, 2025. 

AZIZ, S. et al. A comprehensive review of membrane-based water filtration techniques. 
Applied Water Science, [s. l.], v. 14, n. 8, p. 169, 2024. Available at: 
https://doi.org/10.1007/s13201-024-02226-y. Accessed on: May 21, 2025. 



65

BELLO, M. M.; ABDUL RAMAN, A. A.; PURUSHOTHAMAN, M. Applications of 
fluidized bed reactors in wastewater treatment - A review of the major design and 
operational parameters. Journal of Cleaner Production, [s. l.], v. 141, p. 1492-1514, 
2017. Available at: 
https://www.sciencedirect.com/science/article/pii/S0959652616314901. Accessed on: 
June 16, 2025. 

BHAVE, P. P.; NAIK, S.; SALUNKHE, S. D. Performance Evaluation of Wastewater 
Treatment Plant. Water Conservation Science and Engineering, [s. l.], v. 5, n. 1, p. 
23-29, 2020. Available at: https://doi.org/10.1007/s41101-020-00081-x. Accessed on: 
June 17, 2025. 

CAPODAGLIO, A.; ANGELAKIS, A.; TZANAKAKIS, V. Insights into Global Water 
Reuse Opportunities. Sustainability, [s. l.], 2023. Available at: 
https://consensus.app/papers/insights-into-global-water-reuse-opportunities-capodaglio-
angelakis/8bc4617762fc523a9c6016fb7c428b83/. Accessed on: June 17, 2025. 

CHENG, Y. et al. Surface coordination species in heterogeneous catalytic ozonation for 
water purification. Cell Reports Physical Science, [s. l.], v. 5, n. 11, 2024. Available at: 
https://www.cell.com/cell-reports-physical-science/abstract/S2666-3864(24)00574-5. 
Accessed on: May 21, 2025. 

CHRISTOU, A. et al. Sustainable wastewater reuse for agriculture. Nature Reviews 
Earth & Environment, [s. l.], v. 5, n. 7, p. 504-521, 2024. Available at: 
https://www.nature.com/articles/s43017-024-00560-y. Accessed on: June 17, 2025. 

CINI, F.; FERRARI, A. Towards the estimation of ESG ratings: A machine learning 
approach using balance sheet ratios. Research in International Business and Finance, 
[s. l.], v. 73, p. 102653, 2025. Available at: 
https://www.sciencedirect.com/science/article/pii/S027553192400446X. Accessed on: 
June 17, 2025. 

CORNEJO, P. K.; ZHANG, Q.; MIHELCIC, J. R. How Does Scale of Implementation 
Impact the Environmental Sustainability of Wastewater Treatment Integrated with 
Resource Recovery? Environmental Science & Technology, [s. l.], v. 50, n. 13, p. 
6680-6689, 2016. Available at: https://doi.org/10.1021/acs.est.5b05055. Accessed on: 
June 16, 2025. 

CORNELISSEN, E. R. et al. The innovative Osmotic Membrane Bioreactor (OMBR) 
for reuse of wastewater | Water Science & Technology | IWA Publishing. [s. l.], 2011. 
Available at: https://iwaponline.com/wst/article-abstract/63/8/1557/16215/The-
innovative-Osmotic-Membrane-Bioreactor-OMBR. Accessed on: June 16, 2025. 

DANFORTH, C. et al. An integrative method for identification and prioritization of 
constituents of concern in produced water from onshore oil and gas extraction. 
Environment International, [s. l.], v. 134, p. 105280, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S0160412019319907. Accessed on: 
June 17, 2025. 

ECHCHELH, A.; HESS, T.; SAKRABANI, R. Reusing oil and gas produced water for 
irrigation of food crops in drylands. Agricultural Water Management, [s. l.], v. 206, p. 



66

124-134, 2018. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377418305821. Accessed on: 
21 Apr. 2025. 

ELHEGAZY, H.; EID, M. M. M. A state-of-the-art-review on grey water management: 
a survey from 2000 to 2020s. Water Science and Technology, [s. l.], v. 82, n. 12, p. 
2786-2797, 2020. Available at: https://doi.org/10.2166/wst.2020.549. Accessed on: May 
20, 2025. 

FEDER, J. Reuse of Produced Water Grows in the Oil and Gas Industry. Journal of 
Petroleum Technology, [s. l.], v. 72, n. 12, p. 60-61, 2020. Available at: 
https://doi.org/10.2118/1220-0060-JPT. Accessed on: May 21, 2025. 

FERNANDES, E.; MARQUES, R. C. Review of Water Reuse from a Circular Economy 
Perspective. Water, [s. l.], 2023. Available at: https://consensus.app/papers/review-of-
water-reuse-from-a-circular-economy-perspective-fernandes-
marques/8112235ce51e5f4a8d65ca215a8cdab9/. Accessed on: June 17, 2025. 

FITO, J.; VAN HULLE, S. W. H. Wastewater reclamation and reuse potentials in 
agriculture: towards environmental sustainability. Environment, Development and 
Sustainability, [s. l.], v. 23, n. 3, p. 2949-2972, 2021. Available at: 
https://doi.org/10.1007/s10668-020-00732-y. Accessed on: June 16, 2025. 

GAO, T. et al. Introducing melatonin to the horticultural industry: physiological roles, 
potential applications, and challenges. Horticulture Research, [s. l.], v. 9, p. uhac094, 
2022. Available at: https://doi.org/10.1093/hr/uhac094. Accessed on: April 2, 2025. 

GE, M. et al. Advanced graphitic carbon nitride-based membranes for ionic resource 
recovery. Chemical Engineering Journal, [s. l.], v. 481, p. 148445, 2024. Available at: 
https://www.sciencedirect.com/science/article/pii/S1385894723071772. Accessed on: 
June 17, 2025. 

GUO, X. et al. Long-term saline water drip irrigation alters soil physicochemical 
properties, bacterial community structure, and nitrogen transformations in cotton. 
Applied Soil Ecology, [s. l.], 2023. Available at: https://consensus.app/papers/longterm-
saline-water-drip-irrigation-alters-soil-guo-du/64a073e02dba563abc2500915c44656f/. 
Accessed on: May 15, 2025. 

GUO, S. et al. Loose nanofiltration membrane custom-tailored for resource recovery. 
Chemical Engineering Journal, [s. l.], v. 409, p. 127376, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S1385894720335002. Accessed on: 
June 17, 2025. 

GUO, K. et al. UV/Chlorine Process: An Efficient Advanced Oxidation Process with 
Multiple Radicals and Functions in Water Treatment. Accounts of Chemical Research, 
[s. l.], v. 55, n. 3, p. 286-297, 2022. Available at: 
https://doi.org/10.1021/acs.accounts.1c00269. Accessed on: May 21, 2025. 

HASAN, N. et al. Global Sustainable Water Management: A Systematic Qualitative 
Review. Water Resources Management, [s. l.], v. 37, n. 13, p. 5255-5272, 2023. 
Available at: https://doi.org/10.1007/s11269-023-03604-y. Accessed on: June 17, 2025. 



67

HELMECKE, M.; FRIES, E.; SCHULTE, C. Regulating water reuse for agricultural 
irrigation: risks related to organic micro-contaminants. Environmental Sciences 
Europe, [s. l.], v. 32, n. 1, p. 4, 2020. Available at: https://doi.org/10.1186/s12302-019-
0283-0. Accessed on: June 17, 2025. 

HENDY, I. et al. Decentralized Constructed Wetlands for Wastewater Treatment in 
Rural and Remote Areas of Semi-arid Regions. Water, [s. l.], 2023. Available at: 
https://consensus.app/papers/decentralized-constructed-wetlands-for-wastewater-abu-
hashim-salama/4b697a34a22c5738b7ffa3bdbaf32f00/. Accessed on: June 17, 2025. 

IMBERNÓN-MULERO, A. et al. Agronomic Analysis of the Replacement of 
Conventional Agricultural Water Supply by Desalinated Seawater as an Adaptive 
Strategy to Water Scarcity in South-Eastern Spain. Agronomy, [s. l.], 2023. Available 
at: https://consensus.app/papers/agronomic-analysis-of-the-replacement-of-
conventional-imbern%C3%B3n-mulero-maestre-
valero/88aa362e18f350c38e86434475ce017a/. Accessed on: June 18, 2025. 

KANDOU, V. et al. Environmental Sustainability Assessment of Treated Wastewater 
Reuse: A Case Study. Sustainability and Climate Change, [s. l.], v. 16, n. 5, p. 378-
393, 2023. Available at: https://www.liebertpub.com/doi/abs/10.1089/scc.2023.0072. 
Accessed on: June 17, 2025. 

KARAN, S. K. et al. Potential for biochar carbon sequestration from crop residues: A 
global spatially explicit assessment. GCB Bioenergy, [s. l.], v. 15, n. 12, p. 1424-1436, 
2023. Available at: https://onlinelibrary.wiley.com/doi/abs/10.1111/gcbb.13102. 
Accessed on: June 17, 2025. 

KAYA, D. I.; PINTOSSI, N.; DANE, G. An Empirical Analysis of Driving Factors and 
Policy Enablers of Heritage Adaptive Reuse within the Circular Economy Framework. 
Sustainability, [s. l.], 2021. Available at: https://consensus.app/papers/an-empirical-
analysis-of-driving-factors-and-policy-kaya-
pintossi/89bb45c7bed854fd9aa59a00a7b8b1d5/. Accessed on: June 17, 2025. 

KHAN, S. A. R. et al. Environmental technology and wastewater treatment: Strategies 
to achieve environmental sustainability. Chemosphere, [s. l.], v. 286, p. 131532, 2022. 
Available at: https://www.sciencedirect.com/science/article/pii/S004565352102004X. 
Accessed on: June 16, 2025. 

KIPPER, L. M. et al. Scopus scientific mapping production in industry 4.0 (2011-2018): 
a bibliometric analysis. International Journal of Production Research, [s. l.], v. 58, n. 
6, p. 1605-1627, 2020. Disponível em: https://doi.org/10.1080/00207543.2019.1671625. 
Accessed on: May 21, 2025. 

KONDASH, A. J. et al. The impact of using low-saline oilfield produced water for 
irrigation on water and soil quality in California. Science of The Total Environment, 
[s. l.], v. 733, p. 139392, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S0048969720329090. Accessed on: 
May 15, 2025. 

KUJAWA, J.; GIWA, A.; DINDI, A. Membrane bioreactors and electrochemical 
processes for treatment of wastewaters containing heavy metal ions, organics, 



68

micropollutants and dyes: Recent developments. Journal of hazardous materials, [s. 
l.], v. 370, p. 172-195, 2019. Available at: https://consensus.app/papers/membrane-
bioreactors-and-electrochemical-processes-for-kujawa-
giwa/d0ffe3922d0b5734a0c039d083a9493e/. Accessed on: June 17, 2025. 

KUMAR, A.; GOYAL, K. Multi-criteria analysis to identify the factors affecting water 
reuse scheme in India. Water and Environment Journal, [s. l.], v. 35, 2020. Available 
at: https://consensus.app/papers/multi%E2%80%90criteria-analysis-to-identify-the-
factors-kumar-goyal/45abb9b0220a5d1b8f321e380e619324/. Accessed on: June 17, 
2025. 

LAZARIDES, M. K.; LAZARIDOU, I.-Z.; PAPANAS, N. Bibliometric Analysis: 
Bridging Informatics With Science. The International Journal of Lower Extremity 
Wounds, [s. l.], p. 15347346231153538, 2023. Available at: 
https://doi.org/10.1177/15347346231153538. Accessed on: May 21, 2025. 

LI, H.-Y. et al. Magnesiation roasting-acid leaching: A zero-discharge method for 
vanadium extraction from vanadium slag. Journal of Cleaner Production, [s. l.], v. 
260, p. 121091, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S0959652620311380. Accessed on: 
June 16, 2025. 

LIU, X. et al. Enhanced efficiency and mechanism of low-temperature biochar on 
simultaneous removal of nitrogen and phosphorus by combined heterotrophic 
nitrification-aerobic denitrification bacteria. Bioresource technology, [s. l.], 2023. 
Available at: https://consensus.app/papers/enhanced-efficiency-and-mechanism-of-
lowtemperature-liu-li/4b4e9f79f5925700aeb52a240306365c/. Accessed on: June 17, 
2025. 

MA, J. et al. Novel approach to enhance Bradyrhizobium diazoefficiens nodulation 
through continuous induction of ROS by manganese ferrite nanomaterials in soybean. 
Journal of Nanobiotechnology, [s. l.], v. 20, n. 1, p. 168, 2022. Available at: 
https://doi.org/10.1186/s12951-022-01372-2. Accessed on: May 7, 2025. 

MARANGON, B. B. et al. Reuse of treated municipal wastewater in productive 
activities in Brazil's semi-arid regions. Journal of Water Process Engineering, [s. l.], 
v. 37, p. 101483, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S2214714420303615. Accessed on: 
June 17, 2025. 

MARTINS, W. A. et al. Biohydrogen production in bioreactors: Global trends, key 
factors, and emerging directions. International Journal of Hydrogen Energy, [s. l.], v. 
94, p. 943-958, 2024. Available at: 
https://www.sciencedirect.com/science/article/pii/S036031992404850X. Accessed on: 
June 17, 2025. 

MCLAUGHLIN, M. C. et al. Mutagenicity assessment downstream of oil and gas 
produced water discharges intended for agricultural beneficial reuse. Science of The 
Total Environment, [s. l.], v. 715, p. 136944, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S004896972030454X. Accessed on: 
Apr. 21, 2025. 



69

MELO, R. L. F. et al. A comprehensive review on enzyme-based biosensors: Advanced 
analysis and emerging applications in nanomaterial-enzyme linkage. International 
Journal of Biological Macromolecules, [s. l.], v. 264, p. 130817, 2024. Available at: 
https://www.sciencedirect.com/science/article/pii/S0141813024016210. Accessed on: 
June 17, 2025. 

MELO, R. L. F. et al. Global Advancements in Bioactive Material Manufacturing for 
Drug Delivery: A Comprehensive Study. ACS Omega, [s. l.], v. 10, n. 1, p. 1207-1225, 
2025. Available at: https://doi.org/10.1021/acsomega.4c08669. Accessed on: June 17, 
2025. 

MISHRA, S.; KUMAR, R.; KUMAR, M. Use of treated sewage or wastewater as an 
irrigation water for agricultural purposes- Environmental, health, and economic impacts. 
Total Environment Research Themes, [s. l.], v. 6, p. 100051, 2023. Available at: 
https://www.sciencedirect.com/science/article/pii/S277280992300028X. Accessed on: 
June 17, 2025. 

MORAIS, P. R. R. et al. The Role of the State in Diversifying and Expanding the 
Brazilian Energy Matrix: an Analysis of Legislation. Sociedade & Natureza, [s. l.], v. 
36, p. e70415, 2024. Available at: 
https://www.scielo.br/j/sn/a/95V5VJdPyM8pvTkKk7pxc3L/?lang=en. Accessed on: 
Apr. 21, 2025. 

NANCHARAIAH, Y.; SARVAJITH, M. Enhancing biological nitrogen and phosphorus 
removal performance in aerobic granular sludge sequencing batch reactors by activated 
carbon particles. Journal of environmental management, [s. l.], v. 303, 2021. 
Available at: https://consensus.app/papers/enhancing-biological-nitrogen-and-
phosphorus-removal-nancharaiah-sarvajith/a7373ebe84aa511c92e6425c20982063/. 
Accessed on: June 17, 2025. 

NATH, F.; CHOWDHURY, M. O. S.; RHAMAN, M. M. Navigating Produced Water 
Sustainability in the Oil and Gas Sector: A Critical Review of Reuse Challenges, 
Treatment Technologies, and Prospects Ahead. Water, [s. l.], v. 15, n. 23, p. 4088, 2023. 
Available at: https://www.mdpi.com/2073-4441/15/23/4088. Accessed on: May 21, 
2025. 

NISHAT, A. et al. Wastewater treatment: A short assessment on available techniques. 
Alexandria Engineering Journal, [s. l.], v. 76, p. 505-516, 2023. Available at: 
https://www.sciencedirect.com/science/article/pii/S111001682300532X. Accessed on: 
June 16, 2025. 

OFORI, S. et al. Treated wastewater reuse for irrigation: Pros and cons. Science of The 
Total Environment, [s. l.], v. 760, p. 144026, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S0048969720375574. Accessed on: 
June 17, 2025. 

OKTAVIO, A.; HARSONO, I. A Bibliometric Exploration of Creative Industry: Trends, 
Influential Authors, Research Themes, and Emerging Concepts. [s. l.], 2024. Available 
at: https://dspace.uc.ac.id/handle/123456789/7259. Accessed on: May 21, 2025. 



70

OPHER, T.; FRIEDLER, E. Comparative LCA of decentralized wastewater treatment 
alternatives for non-potable urban reuse. Journal of Environmental Management, [s. 
l.], v. 182, p. 464-476, 2016. Available at: 
https://www.sciencedirect.com/science/article/pii/S0301479716305175. Accessed on: 
June 17, 2025. 

OPHER, T.; FRIEDLER, E.; SHAPIRA, A. Comparative life cycle sustainability 
assessment of urban water reuse at various centralization scales. The International 
Journal of Life Cycle Assessment, [s. l.], v. 24, n. 7, p. 1319-1332, 2019. Available at: 
https://doi.org/10.1007/s11367-018-1469-1. Accessed on: June 17, 2025. 

OPHER, T.; SHAPIRA, A.; FRIEDLER, E. A comparative social life cycle assessment 
of urban domestic water reuse alternatives. The International Journal of Life Cycle 
Assessment, [s. l.], v. 23, n. 6, p. 1315-1330, 2018. Available at: 
https://doi.org/10.1007/s11367-017-1356-1. Accessed on: June 17, 2025. 

PALACIOS-MATEO, C.; VAN DER MEER, Y.; SEIDE, G. Analysis of the polyester 
clothing value chain to identify key intervention points for sustainability. 
Environmental Sciences Europe, [s. l.], v. 33, n. 1, p. 2, 2021. Available at: 
https://doi.org/10.1186/s12302-020-00447-x. Accessed on: June 16, 2025. 

PESSIN, V. Z.; YAMANE, L. H.; SIMAN, R. R. Smart bibliometrics: an integrated 
method of science mapping and bibliometric analysis. Scientometrics, [s. l.], v. 127, n. 
6, p. 3695-3718, 2022. Available at: https://doi.org/10.1007/s11192-022-04406-6. 
Accessed on: May 21, 2025. 

POCHWAT, K. Assessment of Rainwater Retention Efficiency in Urban Drainage 
Systems-Model Studies. Resources, [s. l.], v. 11, n. 2, p. 14, 2022. Available at: 
https://www.mdpi.com/2079-9276/11/2/14. Accessed on: May 21, 2025. 

RAHMAN, K. Z. et al. Small Decentralized Technologies for High-Strength 
Wastewater Treatment and Reuse in Arid and Semi-Arid Regions. Environments, [s. 
l.], v. 11, n. 7, p. 142, 2024. Available at: https://www.mdpi.com/2076-3298/11/7/142. 
Accessed on: June 17, 2025. 

SABIE, R.; PILLSBURY, L.; XU, P. Spatiotemporal Analysis of Produced Water 
Demand for Fit-For-Purpose Reuse-A Permian Basin, New Mexico Case Study. Water, 
[s. l.], 2022. Available at: https://consensus.app/papers/spatiotemporal-analysis-of-
produced-water-demand-for-sabie-pillsbury/2a0b7e50a4e759cfbf00a086021a42f8/. 
Accessed on: June 17, 2025. 

SALIU, T. D.; OLADOJA, N. A. Nutrient recovery from wastewater and reuse in 
agriculture: a review. Environmental Chemistry Letters, [s. l.], v. 19, n. 3, p. 2299-
2316, 2021. Available at: https://doi.org/10.1007/s10311-020-01159-7. Accessed on: 
June 17, 2025. 

SANTOS, E.; CARVALHO, M.; MARTINS, S. Sustainable Water Management: 
Understanding the Socioeconomic and Cultural Dimensions. Sustainability, [s. l.], 
2023. Available at: https://consensus.app/papers/sustainable-water-management-
understanding-the-santos-carvalho/ebb307001e1350fbbb67b5dcaa306b94/. Accessed 
on: June 17, 2025. 



71

SARKAR, O.; KATAKOJWALA, R.; MOHAN, S. V. Low carbon hydrogen production 
from a waste-based biorefinery system and environmental sustainability assessment. 
Green Chemistry, [s. l.], v. 23, n. 1, p. 561-574, 2021. Available at: 
https://pubs.rsc.org/en/content/articlelanding/2021/gc/d0gc03063e. Accessed on: June 
17, 2025. 

SCANLON, B. et al. Water Issues Related to Transitioning from Conventional to 
Unconventional Oil Production in the Permian Basin. Environmental science & 
technology, [s. l.], v. 51 18, p. 10903-10912, 2017. Available at: 
https://consensus.app/papers/water-issues-related-to-transitioning-from-conventional-
scanlon-walsh/28ec5291f8f45731a674986512c27b78/. Accessed on: June 17, 2025. 

SEDLACKO, E. M. et al. Effect of produced water treatment technologies on irrigation-
induced metal and salt accumulation in wheat (Triticum aestivum) and sunflower 
(Helianthus annuus). Science of The Total Environment, [s. l.], v. 740, p. 140003, 
2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S0048969720335233. Accessed on: 
22 Apr. 2025. 

SILVA, R. J. A. B. et al. Influence of parent material on soil chemical characteristics in 
a semi-arid tropical region of Northeast Brazil. Environmental Monitoring and 
Assessment, [s. l.], v. 194, n. 5, p. 331, 2022. Disponível em: 
https://link.springer.com/10.1007/s10661-022-09914-9. Accessed on: Mar. 30, 2025. 

SILVA, J. A. Wastewater Treatment and Reuse for Sustainable Water Resources 
Management: A Systematic Literature Review. Sustainability, [s. l.], v. 15, n. 14, p. 
10940, 2023. Available at: https://www.mdpi.com/2071-1050/15/14/10940. Accessed 
on: June 16, 2025. 

SINGH, H. et al. Constructed wetland for improved wastewater management and 
increased water use efficiency in resource scarce SAT villages: a case study from 
Kothapally village, in India. International Journal of Phytoremediation, [s. l.], v. 23, 
p. 1067-1076, 2021. Available at: https://consensus.app/papers/constructed-wetland-for-
improved-wastewater-management-singh-datta/1e2a0c5c88b7507284de140821afc824/. 
Accessed on: June 17, 2025. 

SMEETS, P. et al. Responsible Water Reuse Needs an Interdisciplinary Approach to 
Balance Risks and Benefits. Water, [s. l.], 2020. Available at: 
https://consensus.app/papers/responsible-water-reuse-needs-an-interdisciplinary-smeets-
medema/bfb6be2000cf5c93b460c957673b5fbd/. Accessed on: June 17, 2025. 

SU, H.-N.; LEE, P.-C. Mapping knowledge structure by keyword co-occurrence: a first 
look at journal papers in Technology Foresight. [s. l.], 2010. Available at: 
https://akjournals.com/view/journals/11192/85/1/article-p65.xml. Accessed on: June 17, 
2025. 

SUN, W. et al. Ultraviolet (UV)-based advanced oxidation processes for micropollutant 
abatement in water treatment: Gains and problems. Journal of Environmental 
Chemical Engineering, [s. l.], v. 11, n. 5, p. 110425, 2023. Available at: 
https://www.sciencedirect.com/science/article/pii/S2213343723011648. Accessed on: 
May 21, 2025. 



72

SUSHMA; KUMARI, M.; SAROHA, A. K. Performance of various catalysts on 
treatment of refractory pollutants in industrial wastewater by catalytic wet air oxidation: 
A review. Journal of Environmental Management, [s. l.], v. 228, p. 169-188, 2018. 
Available at: https://www.sciencedirect.com/science/article/pii/S0301479718309940. 
Accessed on: June 17, 2025. 

TAHREEN, A.; JAMI, M. S.; ALI, F. Role of electrocoagulation in wastewater 
treatment: A developmental review. Journal of Water Process Engineering, [s. l.], v. 
37, p. 101440, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S2214714420303184. Accessed on: 
June 16, 2025. 

TORKAYESH, A. E. et al. Integrating life cycle assessment and multi criteria decision 
making for sustainable waste management: Key issues and recommendations for future 
studies. Renewable and Sustainable Energy Reviews, [s. l.], v. 168, p. 112819, 2022. 
Available at: https://www.sciencedirect.com/science/article/pii/S136403212200702X. 
Accessed on: June 17, 2025. 

TZANAKAKIS, V. A.; CAPODAGLIO, A. G.; ANGELAKIS, A. N. Insights into 
Global Water Reuse Opportunities. Sustainability, [s. l.], v. 15, n. 17, p. 13007, 2023. 
Available at: https://www.mdpi.com/2071-1050/15/17/13007. Accessed on: June 17, 
2025. 

ULLAH, A. et al. Purification of produced water using oscillatory membrane filtration. 
Desalination, [s. l.], v. 491, p. 114428, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S001191642030401X. Accessed on: 
May 21, 2025. 

URKIAGA, A. et al. Development of analysis tools for social, economic and ecological 
effects of water reuse. Desalination, [s. l.], v. 218, n. 1, AQUAREC 2006, p. 81-91, 
2008. Available at: 
https://www.sciencedirect.com/science/article/pii/S0011916407005140. Accessed on: 
June 17, 2025. 

VYMAZAL, J. The Historical Development of Constructed Wetlands for Wastewater 
Treatment. Land, [s. l.], v. 11, n. 2, p. 174, 2022. Available at: 
https://www.mdpi.com/2073-445X/11/2/174. Accessed on: June 17, 2025. 

WANG, X. et al. Probabilistic evaluation of integrating resource recovery into 
wastewater treatment to improve environmental sustainability. Proceedings of the 
National Academy of Sciences, [s. l.], v. 112, n. 5, p. 1630-1635, 2015. Available at: 
https://www.pnas.org/doi/abs/10.1073/pnas.1410715112. Accessed on: June 16, 2025. 

XING, Y.; WANG, X. Precision Agriculture and Water Conservation Strategies for 
Sustainable Crop Production in Arid Regions. Plants, [s. l.], v. 13, n. 22, p. 3184, 2024. 
Available at: https://www.mdpi.com/2223-7747/13/22/3184. Accessed on: May 21, 
2025. 

YÁNEZ, D. et al. Treated greywater as a novel water resource: The perspective of 
greywater treatment for reuse from a bibliometric analysis. Water Science and 



73

Technology, [s. l.], v. 90, n. 11, p. 3076-3110, 2024. Available at: 
https://doi.org/10.2166/wst.2024.384. Accessed on: June 17, 2025. 

YANG, Q. et al. Country-level potential of carbon sequestration and environmental 
benefits by utilizing crop residues for biochar implementation. Applied Energy, [s. l.], 
v. 282, p. 116275, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S0306261920316652. Accessed on: 
June 17, 2025. 

YANG, Y. et al. Super-adsorptive and photo-regenerable carbon nanotube based 
membrane for highly efficient water purification. Journal of Membrane Science, [s. 
l.], v. 621, p. 119000, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S0376738820315738. Accessed on: 
June 17, 2025. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74

CHAPTER II 

WATER PRODUCED IN SUSTAINABLE AGRICULTURE: CHALLENGES 
AND OPPORTUNITIES IN THE BRAZILIAN ENERGY TRANSITION 

 

Abstract - Produced water, the main effluent from the oil industry, constitutes one of the 

largest continuous flows of liquid waste in the global energy sector. Given the challenges 

related to water scarcity and the growing demand for sustainable solutions, the 

agricultural reuse of produced water emerges as a strategic alternative. It is estimated that 

global production of produced water reaches approximately 67 billion barrels per year. In 

Brazil, this volume corresponds to approximately 1.13 billion barrels per year, with the 

Potiguar Basin accounting for approximately 5.13% of this total, considering onshore and 

offshore operations. In this context, the revaluation of produced water for agricultural 

purposes, especially in semiarid regions with high demand for irrigation, can contribute 

to water security and the promotion of resilient production systems. This review article 

analyzes the main challenges and opportunities associated with the agricultural reuse of 

produced water in Brazil, with emphasis on its physical-chemical composition, potential 

risks associated with salinity, sodicity, and the presence of heavy metals and 

radionuclides, as well as available treatment technologies. Additionally, the study 

discusses gaps in national regulations and examines international experiences, such as 

those of the United States, especially Texas and New Mexico, where there are specific 

regulatory frameworks for the reuse of produced water in agriculture. The article also 

makes a comprehensive comparison between the Brazilian scenario and the international 

scenario, considering aspects such as generation volume, physical-chemical quality of 

produced water, regulatory maturity, and feasibility of agricultural reuse in different oil-

producing regions. The results show that, with adequate treatment and management, 

produced water can be safely used for irrigation of non-food and bioenergy crops, such 

as sorghum, elephant grass, and cotton. The analysis also highlights the potential of this 

practice to generate carbon credits, reduce the water footprint of the oil industry and 

integrate circular economy principles, expanding environmental and economic benefits 

for the oil and gas sector. 

 

Keywords: Bioenergy crops, Environmental management, Circular economy. 
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1 INTRODUCTION 

 

Produced water (PW) is the main by-product of oil and gas extraction, constituting 

one of the largest continuous flows of industrial effluents in the world (Cooper et al., 

2021; Pichtel, 2016). Its generation, estimated at billions of cubic meters per year, is 

generally treated conventionally and reinjected or disposed of with minimal treatment 

(Fakhru'l-Razi et al., 2009; Ibrahim et al., 2023). 

In mature fields, the water/oil ratio can exceed 3:1, raising management 

challenges (Assunção; Vieira; Almeida, 2018). The complex composition of PW, such as 

salts, hydrocarbons, metals and additives, requires advanced technologies to enable its 

safe reuse (Abdelhamid et al., 2025; Echchelh; Hess; Sakrabani, 2020). 

In recent years, the agricultural reuse of PW has been highlighted as a viable 

alternative, especially in arid and semi-arid regions. International studies demonstrate its 

safe use in the irrigation of non-food and bioenergy crops, reducing pressure on 

conventional water sources (Echchelh et al., 2021; Pica et al., 2017). 

In Brazil, the Campos, Santos and Potiguar basins concentrate the largest volumes 

of PW, with monthly production exceeding 15 million m³ (ANP, 2025). The proximity 

between onshore hubs and semi-arid agricultural areas, especially in the Northeast, favors 

agricultural reuse, in line with climate adaptation and water efficiency (Morais et al., 

2024; Oliveira et al., 2022). 

The reuse of PW can also integrate agro-energy models, irrigating salinity-tolerant 

crops such as sorghum, elephant grass and cotton, aimed at the production of biofuels 

(Chaganti et al., 2020; Seleiman et al., 2021). This strategy reduces competition with food 

crops, promotes circular economy and synergies between the energy, agriculture and 

water management sectors (Vazifedoust et al., 2008; Yong; Wu, 2022). 

This review article examines the state of the art on agricultural reuse of PW in 

Brazil, addressing: (i) treatment technologies; (ii) impacts on soil and crops; (iii) 

regulatory barriers and incentives; and (iv) connections with the energy transition and 

carbon credits. The analysis aims to subsidize public policies and research aimed at water 

and energy sustainability. 
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2. COMPOSITION OF PRODUCED WATER 

2.1 Critical quality parameters of produced water 

 

PW is a complex saline solution and its composition varies widely according to 

the geology of the reservoir, the production methods employed and the maturity of the 

fields. In mature formations, there is an increase in the volume of PW and the 

concentration of contaminants, which raises the challenges of management and reuse. 

Total dissolved solids (TDS) vary globally between 10,000 and over 300,000 

mg/L. Values higher than 150,000 mg/L are frequent in advanced offshore fields and in 

Middle Eastern basins (Al-Ghouti et al., 2019; Dawoud et al., 2024).  In the United States, 

the Permian Basin records TDS between 129,000 and 137,000 mg/L, with a 

predominance of chlorides, sodium, high turbidity and significant organic load 

(Rodriguez et al., 2020). In Brazil, the Potiguar Basin varies between 80,000 and 150,000 

mg/L, with electrical conductivity above 5,500 µS/cm and salinity above 8,800 mg/L, 

showing a high salt load even in onshore operations. 

Organic compounds include BTEX (benzene, toluene, ethylbenzene and xylenes) 

and PAHs (polycyclic aromatic hydrocarbons), whose concentrations can vary from 0.01 

to 58 mg/L, as observed in countries such as Norway, Nigeria and Brazil. In Brazilian 

fields, BTEX levels vary between 8 mg/L (Sergipe-Alagoas) and 10 mg/L (values similar 

to those in San Joaquin, USA), which represents a phytotoxic risk even at low levels 

(Aguirre Hernandez, 2021). 

Oil and grease levels in the PW range from 10 to 2,000 mg/L. In the Campos 

Basin, values can reach 386 mg/L (Gabardo et al., 2011), affecting soil infiltration, root 

oxygenation and forming physical films that inhibit gas exchange (Jiménez et al., 2018). 

With regard to trace metals, PW can contain elements such as Ba, Sr, Zn, Fe, Pb, 

Cd, Cu, As and Hg, at levels that depend on the geology and the time of interaction with 

the reservoir rocks. In the San Joaquin, barium reaches 2.6 mg/L, and in the Campos 

Basin, iron can reach 7.4 mg/L (Neff et al., 2011). Records from the Potiguar Basin 

indicate the presence of Cd, Zn and Cu in concentrations compatible with 

ecotoxicological risk, which reinforces the need for monitoring to prevent 

bioaccumulation. 

Naturally occurring radionuclides (NORMs), such as 226Ra and 228Ra, are also 

found. In the Permian, values range from 0.74 to 111 pCi/L (226Ra) and from 2.56 to 291 
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pCi/L (228Ra), often above the recommended limits for agricultural reuse (<5 pCi/L). 

These parameters require special attention and strict radiological control (Jiménez et al., 

2018; Rodriguez et al., 2020). 

Other relevant parameters include ammonia (NH¤z), with values ranging from 70 

to 432 mg/L, and sulphides (HS-, S²-), both with recognized phytotoxic potential. 

Ammonia above 70 mg/L, as observed in the Campos Basin, can damage germination 

and the absorption of essential nutrients. Sulphides, in addition to their smell and 

corrosiveness, can immobilize nutrients and compromise soil dynamics (Pichtel, 2016). 

Table 1 summarizes the main chemical parameters of PW in different producing 

basins, including offshore and onshore formations in the USA, Norway, Nigeria and 

Brazil (Campos, Potiguar and Sergipe-Alagoas). The data show that offshore produced 

waters tend to concentrate greater organic complexity (BTEX, PAHs, oils and greases), 

while onshore waters, especially in arid regions and mature fields, have high levels of 

salts, metals and radionuclides. 

In short, the composition of PW is highly variable and conditioned by geological 

and operational factors. This diversity poses distinct challenges for agricultural reuse, 

requiring detailed regional characterization, appropriate selection of treatment 

technologies and definition of specific technical criteria, taking into account 

environmental risks and regulatory requirements. 
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Table 1. Chemical parameters of produced water by region. 
Country/State Basin/Region/Company Onshore/Offshore Parameters Reference 

USA / California San Joaquin Basin Onshore 

TDS: 10.000-40.000 mg/L;  
Ba: 2.6 mg/L;  

BTEX: up to 10 mg/L;  
PAHs: 5 mg/L 

Neff et al. (2011) 

USA / Colorado Wattenberg Field Onshore 

pH: 8.9;  
TDS: 40.000 mg/L;  
TSS: 1.000 mg/L;  
Naz: 12.000 mg/L 

Cooper et al. (2021) 

USA / Texas Permian Basin Onshore 

pH: 7-7.5; 
TDS: 129-137 g/L; 

Cl-: 65.000-67.000 mg/L; 
OG: 83-110 mg/L; 

Turbidity: 53-58 NTU; 
NH¤z: 432 mg/L; 
Ba: 2.21 µg/L; 

Ra-226: 0.74-111 pCi/L; 
Ra-228: 2.56-291 pCi/L 

Rodriguez et al. (2020) 

Brazil / RJ Campos Basin Offshore 

Toluene 1.065 mg/L; 
Xylene 0.135 mg/L; 

Naphthalene: 0.106 mg/L; 
Phenols: 4.3 mg/L; 

OG: 386 mg/L; 
NH£: 70 mg/L; 
Ba: 1.3 mg/L; 
Fe: 7.4 mg/L; 
TPH: 28 mg/L 

Gabardo et al. (2011) 
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Brazil / RN Potiguar Basin Onshore 

pH: 6.6-8.2 

Conductivity: 1.864-5.538 µS/cm 

Cl-: 526-4.923 mg/L 

Salinity: 1.015-8.895 mg/L 

DO: 0.14-6.78 mg/L 

Nitrate: 12.6-19.3 mg/L 

Turbidity: 6.6-412 NTU 

OG: 38.8-97 mg/L 

TDS: 80.000-150.000 mg/L;  

Figueredo et al. (2014); Costa et 
al. (2022) 

Brazil / SE Sergipe-Alagoas Onshore 

Cd: 0.09 µg/L; 
Cr: 24 µg/L; 
Cu: 1.3 µg/L; 
Ni: 8 µg/L; 

Pb: 3.5 µg/L; 
Zn: 140 µg/L; 

BTEX: 8 mg/L; 
PAHs: 6.5 mg/L 

Dórea et al. (2007) 

China Sichuan Basin Onshore (Shale) 

pH: 6.45-8.29; 
TDS: 4.900-52.500 mg/L (average: 26,500); 

COD: 556-3.767 mg/L; 
Turbidity: 500-1.000 NTU 

Zhang et al. (2019) 

Russia Various fields Onshore 

pH: 4.3-10; 
TDS: up to 400.000 mg/L; 

BTEX: 0.39-35 mg/L; 
COD: up to 120.000 mg/L; 

heavy metals: Ba, Sr, Fe, Zn, As, Pb, Cr, Cu 

Costa et al. (2022) 
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Middle East Abu Dhabi Both 

TDS: 233.000-292.500 mg/L; 
Ca²z: 17.592-22.843 mg/L; 
COD: 1.686-7.937 mg/L; 

Oil: 186-6.802 mg/L; 
pH: 6.89-7.08; 

Turbidity: up to 671 NTU 

Dawoud et al. (2024) 

Norway 
Norwegian Continental 

Shelf Offshore 

Oil: 11.7 mg/L; 
BTEX: 58 mg/L; 
PAHs: 1.5 mg/L; 
Ba: 1.100 mg/L; 

Fe: 75 mg/L 

Bakke, Klungsøyr and Sanni 
(2013) 

Nigeria Niger Delta Onshore 

pH: 7.47-8.3; 
TDS: 3.200-7.000 mg/L; 

Ca²z: 94-200 mg/L; 
Salinity: 2.700-4.400 mg/L; 

Turbidity: 10-79 NTU 

Zn: 0.68 mg/L; 
Cu: 0.05 mg/L; 
Fe: 0.89 mg/L; 

Mn: 0.46 mg/L;
Pb: 0.018 mg/L;
Cr: 0.031 mg/L

Nwokoma and Dagde (2024) 

Legend: pH - Hydrogen potential; Electrical conductivity (µS/cm) - Water's ability to conduct electricity, related to the concentration of ions; Salinity (mg/L) - Total 
concentration of dissolved salts; TDS - Total Dissolved Solids, in mg/L; TSS - Total Suspended Solids, in mg/L; COD/DQO - Chemical Oxygen Demand, in mg/L; DO - 
Dissolved Oxygen, in mg/L; NTU - Nephelometric Turbidity Units; Cl- - Chloride ion, in mg/L; Naz - Sodium ion, in mg/L; Ca²z - Calcium ion, in mg/L; NH¤z - Ammonium 
ion, in mg/L; NH£ - Free ammonia (non-ionized), in mg/L; Nitrate (NO£-) - Soluble nitrogen form, in mg/L; Oil / Oils and Grease (OG) - Free or emulsified hydrocarbons, in 
mg/L; TPH - Total Petroleum Hydrocarbons, in mg/L; BTEX - Benzene, Toluene, Ethylbenzene and Xylenes, in mg/L; PAHs - Polycyclic Aromatic Hydrocarbons, in mg/L; 
Ra-226 and Ra-228 - Natural radionuclides radium-226 and radium-228, in picocuries per liter (pCi/L); Heavy metals: barium (Ba), strontium (Sr), zinc (Zn), copper (Cu), lead 
(Pb), cadmium (Cd), arsenic (As), iron (Fe), nickel (Ni), chromium (Cr).
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2.2 Mature Fields: Profile and Particularities 

 

The composition of PW varies substantially according to the stage of exploitation 

of the reservoirs. In fields considered young, in the early stages of oil production, the 

water/oil ratio (W/O) is usually less than 50%, resulting in reduced volumes of water 

generated. At this stage, PW tends to have a lower concentration of salts, trace metals and 

organic compounds, which makes it easier to manage and can make agricultural reuse 

feasible through simple quality adjustments (Aguirre Hernandez, 2021; Figueredo et al., 

2014). 

On the other hand, in mature fields, usually at an advanced stage of production, 

the W/O ratio often exceeds 90%, accompanied by a significant increase in the volume 

of water extracted and the complexity of its composition. This worsening is related to the 

progressive depletion of reservoirs and the intensification of secondary recovery 

techniques, such as water injection, which mobilize salts, metals and contaminants from 

the geological matrix (Pichtel, 2016). 

Table 2 summarizes the main differences between young and mature fields, based 

on criteria such as PW volume, total dissolved solids (TDS) content, presence of heavy 

metals, organic compounds (BTEX and PAHs), natural radionuclides (NORMs), 

estimated cost of treatment and feasibility of agricultural reuse. The data shows that 

although the mature fields concentrate the largest volumes of PW, their chemical 

characteristics impose additional restrictions on direct reuse, requiring more advanced 

and specific treatment technologies. 
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Table 2. Chemical parameters of produced water by type of field. 

Criteria Region Young fields Mature Fields Reference 

PW volume 
(barrels/year) 

Permian (USA); 
Campos (Brazil) 10v - 10w >10x  Cooper et al. (2021); 

GWPC (2023) 

Water/oil ratio 
(W/O) 

Mature fields in 
RN (Brazil) <50% >90% 

Pichtel (2016);  
Figueredo et al. (2014) 

TDS (mg/L) Permian (USA); 
Middle East 

10,000 3 
50,000 

80,000 3 
>200,000 

Rodriguez et al. (2020); 
Dawoud et al. (2024) 

Trace metals 
Sergipe-Alagoas, 

Russia 
Low/rare 

Common: Ba, 
Pb, Cd, Hg, As 

Costa et al. (2022) ; 
Jiménez et al. (2018) 

Organic 
compounds 

(BTEX, PAHs) 

Campos (Brazil), 
Norway 

Rare or 
absent 

Frequent; BTEX 
> 1 mg/L 

Gabardo et al. (2011); 
Bakke et al. (2013) 

NORMs 

(²²vRa, ²²xRa) 
Middle East, 

Permian 

Generally 
absent 

Recurrent 
presence 

Jiménez et al. (2018); 
Dawoud et al. (2024) 

Cost of 
treatment 

Permian (USA); 
Potiguar Basin 

Moderate 
High; requires 

multi-steps 

Cooper et al. (2021); Veil 
et al. (2004) 

Feasibility of 
agricultural 

reuse 

Sergipe-Alagoas, 
Kuwait 

High, after 
simple 

adjustments 

Conditional on 
advanced 
treatment 

Dórea et al. (2007); 
Aguirre Hernández 

(2021) 
Legend: PW: Produced Water; W/O: Water/Oil Ratio; TSD: Total Dissolved Solids; BTEX: Benzene, 
Toluene, Ethylbenzene and Xylenes; PAHs: Polycyclic Aromatic Hydrocarbons; NORMs: Naturally 
Occurring Radioactive Materials; ²²vRa, ²²xRa: Radium Isotopes - Radium-226 and Radium-228. 
 

In the United States, the Permian Basin stands out as one of the main producers 

of PW in the world, with annual volumes of over 1.6 billion barrels. Its waters have high 

salinity (TDS > 120,000 mg/L), the recurring presence of radionuclides (^226Ra and 

^228Ra), heavy metals and volatile organic compounds such as BTEX and dissolved 

organic matter (Cooper et al., 2021; Rodriguez et al., 2020). These characteristics impose 

severe operational and environmental restrictions, requiring multi-stage treatment for any 

form of reuse. 

A similar situation is observed in fields in the Middle East, especially in Saudi 

Arabia and Kuwait. With TDS often above 200,000 mg/L, as well as high levels of metals 

and radionuclides, these waters have sparked investments in advanced selective 

desalination technologies, making agricultural reuse feasible in contexts of extreme 

scarcity (Al-Ghouti et al., 2019; Dawoud et al., 2024). 
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In Brazil, the composition of PW varies according to the producing basin and the 

type of operation. In the Potiguar Basin, a mature onshore field in Rio Grande do Norte, 

TDS values range between 80,000 and 150,000 mg/L, with a significant concentration of 

metals and organic matter. Studies indicate the need for specific treatments to make it 

viable for agricultural irrigation (Figueredo et al., 2014). The offshore Campos Basin has 

water with a high organic load (TPH, BTEX, ammonia) and metals such as iron and 

barium (Gabardo et al., 2011). The Sergipe-Alagoas Basin, on the other hand, although 

less significant in volume, has significant concentrations of cadmium, chromium, zinc 

and PAHs, reinforcing the need for advanced removal technologies (Dórea et al., 2007). 

Comparing young and mature fields reveals a trend: as reservoirs age, PW 

becomes more saline, contaminated and complex, increasing treatment costs. Thus, 

agricultural reuse becomes dependent on the technical capacity to reduce salinity to levels 

compatible with irrigation (typically <2,000 mg/L), remove metals and toxic compounds, 

and control critical parameters such as ammonia and radionuclides (Jiménez et al., 2018; 

Pichtel, 2016). 

In the Brazilian context, this dynamic gains additional relevance. The coexistence 

of mature onshore fields in semi-arid regions, such as the Northeast, with high water 

demand and structural scarcity, creates a favorable scenario for the reuse of PW. However, 

its viability will require integrated efforts between science, technology, public policies 

and environmental regulation, taking into account the physical and chemical 

particularities of each basin and the agronomic requirements of local crops. 

3. PRODUCED WATER: WORLD X BRAZIL 

 

The water/oil ratio with field maintenance (water cut) can exceed 90%, which 

imposes growing operational and environmental challenges for the separation, treatment 

and final disposal of PW (Jiménez et al., 2018). Recently, PW has been repositioned as 

an alternative water source, given the convergence between the energy transition, water 

scarcity and the promotion of the circular economy, which encourages its valorization, 

especially for agricultural uses in arid and semi-arid regions. 

3.1 Global generation volumes 
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Global PW production varies between 100 and 300 billion barrels per year, 

depending on the methodological approach (GWI, 2022; Neff; Lee; DeBlois, 2011). 

Consolidated estimates put the volume at around 67.4 billion barrels/year, concentrated 

in the main producing regions (Cooper et al., 2021;  ANP, 2025). 

The United States leads the ranking with 21.2 billion barrels/year, driven by 

unconventional basins such as the Permian, Bakken and Eagle Ford, where the water cut 

tends to be high from the start of production (Yang et al., 2021). The Middle East comes 

next, with approximately 20 billion barrels/year, coming from mature and highly 

productive fields, such as Ghawar and Burgan (Al-Ghouti et al., 2019). In China, there 

are around 9.4 billion barrels/year, mainly in the Songliao and Ordos basins, with growing 

investment in treatment technologies (Aguirre Hernandez, 2021). Russia (8.5 B bbl/year) 

and Canada (7.2 B bbl/year) also have significant production, with different regulatory 

and environmental approaches. 

Countries such as Mexico, Venezuela, Nigeria and Algeria are not included in the 

consolidated data in Figure 1, but evidence points to fields with water cuts of over 95%, 

such as Maracaibo and Lagos, making PW management a critical challenge (Morais et 

al., 2024; Jiménez et al., 2018). In Brazil, annual production is estimated at 1.13 billion 

barrels, with the Campos, Santos and Potiguar basins standing out (ANP, 2025). Despite 

representing a smaller share of the global volume, the country has favorable climatic and 

geographical conditions for agricultural reuse, especially in the semi-arid regions of the 

Northeast. 
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Figure 1. Global estimates of annual volumes of water produced by country/region (in 
billion barrels per year). 
 

Source: GWPC (2015), Cooper et al. (2021), Al-Ghouti et al. (2019), Aguirre Hernández 
(2021), ANP (2025) and related sources. 

3.2 The Brazilian PW production scenario 

 

Brazil's PW production is structured into two operational domains: offshore, 

predominantly off the south-east coast, and onshore, concentrated in the north-east and 

north (Figure 2). Onshore wells stand out in the interior of Rio Grande do Norte, Bahia, 

Sergipe and Alagoas, while offshore fields are grouped together in Rio de Janeiro, Espírito 

Santo and São Paulo. This spatial division has direct implications for the logistics, cost 

and viability of PW reuse. Although more than 94% of national PW production takes 

place on offshore platforms, onshore operations offer greater potential for agricultural 

reuse, especially in semi-arid areas with unmet water demand. 
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Figure 2. Distribution of Production Wells and Sedimentary Basins in Brazil: Onshore 
and Offshore Domains. 

 

It is estimated that the country will produce around 1.13 billion barrels of PW/year 

(~180 million m³), in parallel with the extraction of 3.27 million barrels/day of oil and 

931 thousand boe/day of natural gas (ANP, 2025). The Campos Basin, which is mature 

and highly productive, is home to fields such as Marlim, Albacora and Roncador, with 

high water cuts. However, offshore treatment faces operational and logistical restrictions, 

making agricultural reuse not very viable in this context (Pichtel, 2016). 

The Santos Basin, in an intermediate stage of maturation, stands out for its pre-

salt fields, such as Lula, Búzios and Sapinhoá, which tend to increase PW generation in 

the coming years, requiring new integrated solutions for their use. On the other hand, 

onshore basins such as Potiguar, Recôncavo and Sergipe-Alagoas offer the best 

conditions for direct agricultural reuse: proximity to agricultural areas, lower logistical 

costs and the presence of salinity-tolerant crops such as sorghum and elephant grass. 

These characteristics favor the implementation of decentralized pilot projects, with the 

potential for regional scaling. 

 

3.3 Strategic potential of onshore operations 

 

Although onshore operations account for only around 6% of the total volume of 

PW in Brazil, their strategic value is growing, especially in the context of integrated water 

resource management in semi-arid regions. Unlike the offshore environment, where high 
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volumes of PW are generated on platforms far from the coast and agricultural zones, 

onshore fields are often located in water-deficit areas, where limited access to water 

compromises agricultural productivity and food security. 

The Potiguar Basin is the main onshore producer of PW in the country, with an 

estimated volume of 979,000 barrels/day (ANP, 2025). Operating mostly in areas with a 

high water/oil ratio and close to rural territories, this basin has favorable characteristics 

for the local application of treated PW. Its consolidated infrastructure, with highways, 

pipelines and processing plants, facilitates the transportation and distribution of the 

effluent. The existence of ongoing agricultural reuse pilot projects reinforces the region's 

technical and institutional capacity, indicating the feasibility of scaling up. 

According to criteria such as a minimum daily volume of over 100,000 barrels, 

access logistics, proximity to irrigable areas and operational maturity, Table 3 classifies 

the Potiguar Basin as having high potential for agricultural reuse. This position is even 

more relevant given the persistent water scarcity in the semi-arid northeast, which 

demands sustainable solutions for non-conventional water use. 

Other land basins also stand out. The Recôncavo Basin, in Bahia, produces around 

389,626 barrels of PW per day and is part of a diversified agricultural territory, with 

growing irrigated areas. The Sergipe-Alagoas Basin, with production of more than 

156,000 barrels per day, has consolidated logistics, including road access and refining 

facilities, which facilitates the integration of reuse systems in the regional context. The 

Espírito Santo Basin, although a mixed operation (onshore/offshore), has significant 

onshore fields, with production estimated at 80,257 barrels per day, and proximity to 

small farms, making it classified as having medium potential for agricultural reuse. 

On the other hand, basins such as Tucano Sul, Parnaíba and Barreirinhas have 

lower production volumes, as well as geographically dispersed wells and poor 

transportation and treatment infrastructure, resulting in low or very low potential for 

agricultural reuse, according to the same criteria evaluated. 

Therefore, even though most of Brazil's PW comes from offshore operations, 

onshore fields concentrate the most favorable conditions for local agricultural reuse, 

especially in the Northeast. The convergence of PW availability, agricultural vocation and 

regional water vulnerability offers a window of opportunity for synergistic solutions 

between the energy and agriculture sectors. With regulatory and technological support, 

agricultural reuse of PW can generate environmental benefits, strengthen local economies 

and boost production practices in line with the circular economy. 
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Table 3. Potential for agricultural reuse of produced water in Brazilian oil basins. 
Basin Oil (bbl/d) Crude oil 

(bbl/d) 
Condensate 

(bbl/d) Natural gas (boe/d) Produced water 
(bbl/d) 

Operation 
(predominance) 

Agricultural Reuse 
Potential 

Alagoas 2,595.83 2,167.61 428.23 6,977.19 8,681.70 Onshore Middle 

Amazonas 261.41 48.37 213.04 3,695.00 0.00 Onshore ---- 
Barrerinhas 33.09 33.09 0.00 7.94 4.16 Offshore Very low 

Camamu 123.67 0.02 123.65 8,966.16 58.53 Offshore Offshore 

Fields 718,929.50 718,929.49 0.00 76,002.37 1,349,942.26 Offshore Very low 

Ceará 0.00 0.00 0.00 0.00 0.00 Offshore (inactive) ---- 
Espírito Santo 13,383.41 13,248.28 135.12 4,131.83 80,257.16 Onshore/Offshore Middle 

Paraná 0.19 0.19 0.00 153.86 0.10 Onshore Very low 

Parnaíba 35.18 0.00 35.18 17,562.72 0.08 Onshore Very low 

Potiguar 33,191.56 33,005.94 185.62 6,678.9 979,394.52 Onshore/Offshore Upper 

Recôncavo 18,581.83 18,465.66 116.18 15,590.67 389,626.76 Onshore High 

Santos 2,472,830.27 2,470,276.59 2,553.62 705,423.78 235,145.11 Offshore Very low 

Sergipe 7,230.53 7,230.53 0.00 295.63 156,854.73 Onshore/Offshore Upper 
Solimões 12,049.24 8,632.24 3,417.00 85,195.41 21,028.76 Onshore Low 

Tucano South 6.94 0.00 6.94 619.56 11.75 Onshore Very low 

Total 3,279,252.65 3,272,038.01 7,214.58 931,301.02 3,221,005.62 ---- ---- 
Legend: Very low: PW< 100 bbl/d or offshore with no logistical viability; Low: 100 f PW < 10,000 bbl/d and/or offshore with limited viability; Medium: 10,000 f PW < 
100,000 bbl/d, with partial onshore access or mixed logistics; High: PW g 100,000 bbl/d and predominantly onshore with good access to agricultural areas. 
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3.4 Priority fields for agricultural reuse in the Potiguar Basin 

 

The Potiguar Basin, located between the states of Rio Grande do Norte and Ceará, 

is currently the main onshore PW producing region in Brazil. According to Moura et al. 

(2024) the onshore fields in the basin generated approximately 58.86 million m³ of PW 

in 2021, 59.31 million in 2022 and 55.53 million in 2023, around 50% of the basin's total 

production. With a daily average of 979,000 barrels, the region has a network of fields 

with favorable characteristics for agricultural reuse, such as a high water/oil ratio, 

proximity to rural areas and consolidated logistics infrastructure. A significant part of this 

volume is reinjected into reservoirs, but the remaining volumes have a high potential for 

use, especially in semi-arid areas with unmet water demands. 

The reuse of PW can benefit the cultivation of crops for biofuel production in 

marginal areas, expanding the supply of biomass without competing with food 

agriculture. This strategy also contributes to generating local jobs and reducing 

greenhouse gas emissions (Schlesinger; Amundson, 2019; Shuaibu et al., 2024). Table 4 

shows the main fields in the Potiguar Basin, classifying them according to production 

volume, operational profile and reuse viability. 

Two fields stand out due to the significant volume of PW and the operational 

conditions that favor agricultural reuse. The Canto do Amaro field, with average 

production of 307,675 barrels per day, is the largest onshore producer in the region. 

Located in Mossoró-RN, close to the Santa Cruz do Apodi irrigated perimeter, it combines 

a high water/oil ratio, installed infrastructure and road access via the BR-304 highway, 

which makes it an exemplary case for implementing systems to capture, treat and supply 

water for irrigating crops such as corn, sorghum, beans and tropical fruit. The Estreito 

field, with 258,076 barrels per day and operated by 3R Petroleum, is located near the rural 

area of Areia Branca. The concentrated distribution of the wells makes it possible to set 

up centralized treatment systems, with redistribution by water trucks or small pipelines 

for local family farming. 

Among the intermediate-sized fields, Monte Alegre stands out, with 24,827 

barrels per day, close to communities focused on horticulture and irrigated fruit growing, 

which opens up prospects for decentralized pilot projects. Guamaré, with production of 

18,165 barrels per day, stands out due to the presence of industrial infrastructure and its 

association with refining activities, which could facilitate the integration of PW treatment 
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units. Other fields, such as Lorena (2,604 barrels/day) and Boa Esperança (1,576 

barrels/day), although with modest volumes, are well located in relation to small farming 

communities, which makes reuse possible with reduced logistical costs. Brejinho, Jaçanã 

and Upanema, with production of less than 2,000 barrels per day, also have a favorable 

territorial location, in contexts marked by family farming. 

On the other hand, fields such as Trinca Ferro, Poço Xavier, Maçarico, Praia do 

Meio and Colibri have volumes of less than 100 barrels per day. In these situations, the 

low availability of PW, combined with the lack of infrastructure in the vicinity, 

compromises the economic viability of reuse solutions, making their agricultural 

application unfeasible on a large scale. 

In general, the Potiguar Basin has significant logistical and territorial advantages 

for implementing agricultural PW reuse projects. Its structured road network, made up of 

federal and state highways, provides an efficient connection between the producing fields 

and the regional agricultural hubs. Its proximity to consolidated irrigated perimeters, such 

as Mossoró-Assu and Apodi, under the management of institutions such as the National 

Department for Works Against Droughts (DNOCS) and the São Francisco and Parnaíba 

Valley Development Company (Codevasf), reinforces the potential for integration. In 

addition, the presence of rural communities located within a radius of up to 30 kilometers 

from various fields facilitates decentralized supply by short-distance transport. These 

factors, combined with the context of water scarcity in the semi-arid region, consolidate 

the region as a strategic territory for agricultural reuse of the water produced.
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Table 4. Potential for agricultural reuse of produced water in Brazilian oil basins. 
Field Operator Oil (bbl/d) Crude oil 

(bbl/d) 
Condensate 

(bbl/d) 
Natural Gas 

(boe/d) 
Produced water 

(bbl/d) Operations 
Agricultural Reuse 

Potential 
Alto do Rodrigues 3R Petroleum 2,333.76 2,333.76 0.00 9.10 6.04 Onshore Very low 

Asa Branca Potiguar E&P 54.89 54.89 0.00 83.15 220.93 Onshore Low 

Baixa do Algodão Potiguar E&P 42.50 42.50 0.00 1.24 809.06 Onshore Low 

Lower Juazeiro Potiguar E&P 0.00 0.00 0.00 3.19 0.00 Onshore ---- 
Barrinha 3R Petroleum 0.49 0.49 0.00 0.01 5.02 Onshore Very low 

Boa Esperança Potiguar E&P 678.10 678.10 0.00 510.75 2,595.65 Onshore Medium 

Brejinho Potiguar E&P 802.54 802.54 0.00 467.72 2,175.33 Onshore Medium 

Cachoeirinha Potiguar E&P 289.89 289.89 0.00 388.58 560.91 Onshore Low 

Canto do Amaro 3R Petroleum 6,667.45 6,667.45 0.00 143.73 307,675.83 Onshore Alto 

Cardinal 3R Petroleum 274.40 274.40 0.00 1.69 0.96 Onshore Very low 

Cioba 3R Petroleum 0.00 0.00 0.00 0.00 0.00 Offshore ---- 
Colibri 3R Petroleum 2.70 2.70 0.00 0.03 1.65 Onshore Very low 

Narrow 3R Petroleum 4,469.27 4,469.27 0.00 11.8 258,076.25 Onshore High 

Curral Farm Potiguar E&P 28.36 28.36 0.00 1.04 324.41 Onshore Low 

Junco Farm Potiguar E&P 9.56 9.56 0.00 1.03 39.70 Onshore Very low 

Fazenda Malaquias Potiguar E&P 81.41 81.41 0.00 1.00 3,299.56 Onshore Low 

Guamaré 3R Petroleum 809.88 809.88 0.00 3.48 18,164.9 Onshore Medium 

Jaçanã Potiguar E&P 67.61 67.61 0.00 1.10 1,943.31 Onshore Middle 

Janduí Potiguar E&P 247.81 247.81 0.00 18.53 35.39 Onshore Very low 

Juazeiro Potiguar E&P 7.64 7.64 0.00 9.95 39.88 Onshore Very low 

Livramento Potiguar E&P 570.07 570.07 0.00 352.02 2,653.27 Onshore Medium 

Lorena Potiguar E&P 1,234.93 1,234.93 0.00 1,317.7 1,535.38 Onshore Medium 

Torch 3R Petroleum 5.20 5.20 0.00 0.35 2.07 Onshore Very low 

Monte Alegre 3R Petroleum 433.87 433.87 0.00 34 24,826.82 Onshore Middle 

Pajeú Potiguar E&P 92.98 92.98 0.00 1.28 4,851.14 Onshore Medium 

Pardal Potiguar E&P 14.86 14.86 0.00 17.34 2.64 Onshore Very low 
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Patativa Potiguar E&P 54.79 54.79 0.00 1.26 394.48 Onshore Low 

Paturi Potiguar E&P 216.18 216.18 0.00 3.03 373.92 Onshore Low 

Green Well 3R Petroleum 19.33 19.33 0.00 0.09 126.87 Onshore Low 

Xavier Well Potiguar E&P 1.33 1.33 0.00 1.11 91.63 Onshore Very low 

Riacho da Forquilha Potiguar E&P 1,359.43 1,359.43 0.00 478.93 9,581.57 Onshore Lower 
Mossoró River Potiguar E&P 28.84 28.84 0.00 2.47 3.44 Onshore Very low 

Sabiá Potiguar E&P 502.76 502.76 0.00 82.25 332.31 Onshore Bass 

Sabiá Bico-de-Osso Potiguar E&P 1,598.08 1,598.08 0.00 416.27 598.05 Onshore Low 

Sabiá da Mata Potiguar E&P 661.83 661.83 0.00 46.39 98.76 Onshore Very low 

Sibite Potiguar E&P 45.78 45.78 0.00 1.18 271.35 Onshore Low 

Três Marias Potiguar E&P 25.92 25.92 0.00 0.25 1,187.98 Onshore Low 

Trinca Ferro Potiguar E&P 40.87 40.87 0.00 9.35 104.37 Onshore Low 

Ubarana 3R Petroleum 0.00 0.00 0.00 0.00 0.00 Offshore ---- 
Upanema Potiguar E&P 86.91 68.64 18.27 82.98 1,104.33 Onshore Low 

Varginha Potiguar E&P 53.12 53.12 0.00 4.06 236.90 Onshore Low 
Legend: Very low: PW < 100 bbl/d or offshore with no logistical viability; Low: 100 f PW < 10,000 bbl/d and/or offshore with limited viability; Medium: 10,000 f PW < 
100,000 bbl/d, with partial onshore access or mixed logistics; High: PW g 100,000 bbl/d and predominantly onshore with good access to agricultural areas. 
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4. MANAGEMENT AND TREATMENT OF PRODUCED WATER  
 

The efficient management of PW requires the careful selection of treatment 

technologies that are capable of mitigating environmental risks and making its reuse 

technically feasible. Considering its high physical-chemical complexity, influenced by 

factors such as the geology of the formation, the length of time the wells have been in 

production and the additives used, it is essential to adopt technological solutions suited to 

the specific operating conditions of each producing field. 

Figure 3 shows a schematic flowchart that summarizes the essential steps in PW 

management, from its physical-chemical characterization to the possibilities for reuse 

after treatment, including the critical requirements for agricultural applications. To make 

this reuse viable, especially in irrigated agriculture, it is necessary to meet quality criteria 

defined by international guidelines, such as those of the Food and Agriculture 

Organization - FAO (1985), which set limits for parameters such as electrical conductivity 

(CEi), sodium adsorption ratio (SAR), pH and heavy metal concentration. Various 

technologies have been applied or tested for this purpose, grouped into five broad 

categories: thermal processes, membrane separation, physical-chemical methods, 

biological treatments and emerging technologies.  

Figure 3. Flowchart of produced water management: characterization, treatment and 
reuse possibilities. Source: Adapted from Al-Ghouti et al. (2019). 

 

Figure 4 summarizes the main PW treatment technologies, classifying them 

according to the type of process (physical, chemical, membranes, thermal, biological or 
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advanced) and the estimated relative cost per cubic meter of treated water. This 

categorization allows for a comparative analysis of the available methods, considering 

the technical and economic viability of their application in different operational contexts. 

 

Figure 4. Produced water treatment technologies x costs. 

Thermal processes, represented in the figure by conventional thermal distillation, 

have the highest specific cost, with values above 3.50 USD/m³, classified as "very high" 

in the metric adopted (Curto; Franzitta; Guercio, 2021; Veil, 2011) . Despite their high 

efficiency in removing salts and dissolved solids, their intense energy consumption and 

high operating costs limit their adoption in regions such as the semi-arid northeast, where 

energy availability and operational infrastructure are limited. 

In the membrane group, technologies such as reverse osmosis, nanofiltration, 

direct osmosis and membrane distillation occupy an intermediate position in terms of 

cost. Reverse osmosis (RO) and nanofiltration (NF) are estimated to cost between 1.50 - 

3.50 USD/m³ and are classified as high cost (Echchelh et al., 2019; Curto et al., 2021). 

On the other hand, direct osmosis (DO) and membrane distillation (MD), which are more 

recent, are positioned in the medium cost range, between 0.50-1.50 USD/m³, and are 
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promising for arid regions, given their lower energy demand and greater tolerance to 

fouling (Du et al., 2024; Khayet; Matsuura, 2011; Nawaz et al., 2016). 

Physico-chemical methods, widely represented in the figure, such as flotation, 

coagulation-flocculation, chemical oxidation and ion exchange, are mostly in the medium 

cost range. These technologies work to remove turbidity, oils, metals and dissolved 

organic compounds, and are effective as pre- or post-treatment. Ion exchange, although 

efficient, is more expensive and appears to be a high-cost technology, given the price of 

the materials and the need for periodic regeneration (Jiménez et al., 2018). 

Physical methods include API/CPI separators, hydrocyclones and granular 

filtration, all of which are classified as low cost (<0.50 USD/m³). These technologies are 

simple to operate and are widely used in the initial stages of treatment, removing 

suspended solids, oils and grease with high efficiency, especially in onshore contexts 

(Curto; Franzitta; Guercio, 2021; Veil, 2011). 

Biological technologies, such as membrane bioreactors (MBRs) and constructed 

wetlands, have different cost ranges. MBRs are in the high cost range, while wetlands - 

characterized by simplicity, low energy consumption and integration into the rural 

environment - are among the lowest relative cost solutions, at less than 0.50 USD/m³, 

making them particularly attractive for decentralized projects (Scholz, 2023). 

Finally, advanced technologies such as Capacitive Deionization (CDI), Cold 

Plasma/Photocatalysis and Advanced Oxidative Processes (AOPs) are referred to as 

innovative solutions, but with costs ranging from medium to very high. AOPs (Advanced 

Oxidation Processes) and Cold Plasma, for example, involve highly energetic reactions 

and operational complexity, which raises their costs beyond 3.50 USD/m³, restricting their 

large-scale adoption (Du et al., 2024; Mousset et al., 2021; Naicker et al., 2023). On the 

other hand, CDI (Capacitive Deionization), with a medium cost, represents a promising 

alternative for selective salt removal, especially in waters with moderate TDS. 

The cost classification metric was based on consolidated references in the 

literature (Curto; Franzitta; Guercio, 2021; Du et al., 2024; Echchelh et al., 2019; Jiménez 

et al., 2018; Veil, 2011) and followed the following ranges: 

• Very high: > 3.50 USD/m³ 

• High: 1.50 - 3.50 USD/m³ 

• Medium: 0.50 - 1.50 USD/m³ 

• Low: < 0.50 USD/m³ 
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Based on this classification, it can be seen that the technologies with the lowest 

relative cost are mostly physical and biological, effective in removing solids and 

biodegradable organic compounds, but with low efficiency for desalination. On the other 

hand, the most efficient methods for removing salts and persistent contaminants, such as 

reverse osmosis and thermal distillation, require high investments in energy, maintenance 

and infrastructure, which can limit their application in remote regions or those with 

limited technical capacity (Curto; Franzitta; Guercio, 2021; Du et al., 2024; Jiménez et 

al., 2018). 

In this context, hybrid and modular solutions that combine physical-chemical pre-

treatment stages with adapted membrane technologies are emerging as a promising 

alternative for the safe and economically viable reuse of PW. This approach is especially 

relevant in mature onshore fields, such as those in the Potiguar Basin, where there is 

proximity to agricultural areas and high generation of PW with a water/oil ratio of over 

90% (Figueredo et al., 2014; ANP, 2025). 

Furthermore, in situations where PW has low concentrations of oils, heavy metals, 

BTEX and other contaminants monitored by environmental standards, the use of 

controlled dilution techniques with freshwater sources can be adopted to reduce salinity 

and improve the agronomic parameters of the water, such as EC and SAR, to acceptable 

levels for irrigation (Ayers; Westcot, 1994). This strategy, already applied in semi-arid 

regions such as northern Africa, southern India and northeastern Brazil, allows optimizing 

available volumes without the need for high-cost desalination processes, as long as it is 

accompanied by continuous monitoring of the quality of the final mixture and the irrigated 

soil (Gabardo et al., 2011; Pichtel, 2016; Silva et al., 2017). 

5. REGULATORY FRAMEWORKS FOR AGRICULT URAL REUSE OF 
PRODUCED WATER 

5.1 International panorama 

 

The regulation of agricultural reuse of PW remains fragmented on a global scale, 

with significant variations between the main producing countries. In the United States, 

the world's largest generator of PW, legislation is decentralized and defined by state 

bodies. Currently, only four states have explicit regulations on the reuse of PW in 

agriculture. 



97

Figure 5 summarizes the main international regulatory frameworks and allows for 

an objective comparison between different regions in terms of five key dimensions: the 

existence of a specific standard, formal permission for agricultural reuse, monitoring 

requirements, the definition of technical limits and the presence of agronomic and health 

criteria. The US states of California, Texas and New Mexico stand out as having the most 

robust regulations, with consolidated normative and operational requirements. Australia 

occupies an intermediate position, adopting guidelines based on risk assessment and 

classification of the type of crop irrigated. On the other hand, countries like Saudi Arabia, 

China, Russia and Canada have incipient or non-existent regulations, showing the 

absence of specific public policies for the reuse of PW in agriculture. 

 

Figure 5. International regulatory frameworks for agricultural reuse of produced water. 
Sources: GWPC (2021); Echchelh et al. (2020); Al-Ghouti et al. (2019). 

 

In Texas, agricultural reuse of PW is authorized through a specific permit issued 

by the Texas Commission on Environmental Quality (TCEQ), which sets limits for total 

dissolved solids (TDS), volatile aromatic hydrocarbons (BTEX), metals and oil and 

grease. In 2019, the state of New Mexico introduced the Produced Water Act, a regulatory 

framework that enables the external reuse of produced water (PW) beyond oil and gas 

operations, with technical support from the Produced Water Research Consortium. This 

regulatory framework allows PW to be used for beneficial purposes, as long as 
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environmental and health safety criteria are met. On the other hand, California adopts a 

more restrictive approach, especially with regard to the use of PW in food crops, requiring 

complete traceability, continuous monitoring and strict compliance with federal health 

guidelines (Echchelh et al., 2021; GWPC, 2021). These regulatory models show different 

degrees of institutional maturity and normative strategies, and can serve as a reference for 

countries seeking to structure public policies aimed at reusing PW safely and sustainably. 

In Australia, reuse management follows the guidelines of the National Water 

Quality Management Strategy (NWQMS), which establish criteria based on health risk, 

type of crop irrigated and intended end use. In countries in the Middle East and North 

Africa, such as Saudi Arabia, Oman and Morocco, although water scarcity is severe, 

agricultural reuse of PW is still little explored, mainly due to the low quality of the effluent 

and the lack of specific technical standards (Al-Ghouti et al., 2019; Echchelh; Hess; 

Sakrabani, 2020). 

In the other major global producers, such as China, Russia and Canada, the 

scenario remains unstructured. China has broader environmental regulations for industrial 

effluents, but does not yet have specific standards for the agricultural reuse of PW (Al-

Ghouti et al., 2019). In Russia, the practice of re-injecting PW predominates, with no 

guidelines identified for external reuse. In Canada, regulation takes place at provincial 

level, with a focus on controlled disposal and resource recovery, without a consolidated 

federal framework for agricultural uses (Aguirre Hernandez, 2021). 

5.2 The Brazilian situation: gaps and opportunities 

 

In Brazil, there is still no specific federal regulatory framework for the agricultural 

reuse of PW. The resolutions of the National Environment Council CONAMA No.º 

357/2005 (BRASIL, 2005) and No.º 393/2007 (BRASIL, 2007) deal with the 

classification of water bodies and the discharge of effluents, but do not take into account 

the physical-chemical particularities of PW, such as high salinity, the presence of trace 

metals and organic compounds typical of oil production (Fakhru'l-Razi et al., 2009; Leite, 

2020). 

State regulations are also incipient. COEMA Resolution No.° 02/2017 (COEMA, 

2017), in force in the state of Ceará, is the closest to a framework for the reuse of non-

potable water in agriculture. It establishes important guidelines, such as the mandatory 

classification of irrigated crops, the systematic monitoring of soil, water and plants, and 
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the preparation of management and sanitary control plans. Although this resolution does 

not explicitly refer to PW, its structure could serve as a basis for specific regulation. 

Recent studies suggest that the reuse of PW in Brazil could be made feasible, as a 

priority, in mature onshore fields with a high water/oil ratio, located in semi-arid areas 

close to agricultural hubs. Regions such as the Potiguar Basin (RN-CE) and the 

Recôncavo Baiano stand out as potential pilot zones for the development of agricultural 

PW reuse projects, given the coexistence of oil production and water scarcity (Figueredo 

et al., 2014). 

In light of international experiences and the Brazilian reality, it is proposed to 

create a national regulatory framework that defines minimum criteria for the agricultural 

reuse of PW, considering agronomic, environmental and public health aspects (Echchelh 

et al., 2021; GWPC, 2023; Leite, 2020). 

Table 5 presents a preliminary proposal for PW quality parameters for irrigation 

purposes, adapted from FAO and EPA guidelines and Brazilian environmental legislation. 

The suggested limits aim to guarantee the safety of agricultural use, minimizing the risks 

of soil contamination, bioaccumulation of heavy metals and phytotoxic effects. 

 

 

Table 5. Proposed quality criteria for agricultural reuse of PW in Brazil. 
Parameter Proposed Limit Justification Reference 

TDS f 5,000 mg/L Adapted from FAO, EPA Ayers and Westcot, 1985 

SAR f 10 Risk of sodicity in clay soils Ayers and Westcot, 1985 

Total BTEX f 0.1 mg/L 
Phytotoxic potential and 

health risk 
Oetjen et al. (2018) 

Oil and grease f 10 mg/L Adherence to soil and roots CONAMA No.º 430/2011 

Boron f 0.5 mg/L Sensitivity of fruit trees Morais et al. (2024) 

Metals (Zn, Cu, 
Pb) 

According to 
CONAMA No.º 

420/2009 

Accumulation and 
phytotoxicity 

CONAMA No.º 420/2009 

 

The construction of these regulations should be guided by an adaptive approach, 

with gradual implementation in pilot areas and with specific monitoring and management 

protocols. States like Ceará, Rio Grande do Norte and Bahia, with a history of onshore 

production and water vulnerability, are strategically positioned to lead this agenda. 



100

Recognizing PW as a potentially reusable water resource, and not just as an 

environmental liability, is a fundamental step towards consolidating agricultural reuse 

policies in line with water security, agricultural sustainability and environmental 

protection. 

6. THE USE OF WATER PRODUCED IN AGRICULTURE  

The reuse of treated wastewater in agriculture has been consolidated as an 

essential strategy in regions affected by water scarcity, promoting the efficient use of 

resources, food security and reducing environmental impacts (Du et al., 2024; Jiménez et 

al., 2018; Oetjen et al., 2018). In the Brazilian semi-arid region, PW stands out as a viable 

alternative for non-food agricultural uses, especially in onshore basins such as Potiguar 

and Recôncavo, where high generation of PW and a chronic lack of conventional water 

resources overlap. 

Experimental studies and systematic reviews (Alley et al., 2011; Echchelh et al., 

2019; McAdams et al., 2019) indicate that the use of PW in agriculture depends directly 

on the efficiency of the treatment adopted, the final composition of the water and the 

choice of crops with greater tolerance to abiotic stresses. Critical parameters such as EC, 

SAR, boron content, heavy metals and pH must be strictly monitored and can be adjusted 

by technologies such as reverse osmosis, controlled dilution or the use of agricultural 

correctives (Dolan; Cath; Hogue, 2018; Fakhru'l-Razi et al., 2009). 

The compatibility between the available volumes of PW and the agronomic 

requirements of the crops depends on the management strategies adopted. Trials 

conducted in the Potiguar Basin show that, even with supplementary irrigation equivalent 

to 20-40% of crop evapotranspiration (ETc), crops such as sorghum and elephant grass 

maintain high yields (Lima et al., 2021; Santos et al., 2021). The use of fertigation, 

mulching, application of agricultural gypsum and surface drainage has shown good 

results in mitigating the effects of salinity on the soil. 

The compositional variability of PW over time and between fields reinforces the 

importance of adaptive operational protocols, including continuous water quality 

monitoring, ecotoxicological risk analysis, the use of genetically adapted varieties and 

the application of precision irrigation techniques (Al-Ghouti et al., 2019). The definition 

of the crops to be used must take into account, in addition to agronomic aspects, 

economic, logistical and territorial factors. 
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International literature points out that non-food crops intended for bioenergy, fiber 

production or animal feed are more suitable for PW reuse, due to their resilience to high 

levels of salinity and fluctuations in water quality (Echchelh et al., 2021; Jha et al., 2022; 

Santos et al., 2021). Studies conducted in semi-arid environments in California, New 

Mexico and North Africa confirm the viability of crops such as sorghum, millet, fodder 

palm, elephant grass and cotton under irrigation regimes with saline water between 3 and 

8 dS/m. Table 6 presents a summary of the main crops studied, considering their tolerance 

to salinity, water use efficiency, productive purpose and regions where field experiments 

were conducted.



102

 

Table 6. Promising crops for reuse with produced water: technical and agronomic characteristics. 

Crop Scientific Name 
Salinity tolerance 

(dS/m) 
Water Use 
Efficiency 

Main Purpose 
Countries with Applied 

Studies 
References 

Sorghum Sorghum bicolor Moderate (4-6) High 
Bioenergy / 

fodder USA, Morocco, Brazil Figueredo et al. (2014) 

Elephant 
grass 

Pennisetum 
purpureum 

Moderate to high (6-8) Very high 
Bioenergy / 

fodder Brazil, Nigeria, Mexico Solano et al. (2014) 

Cotton Gossypium hirsutum Moderate (5-7) Medium Textile fiber India, Brazil, Egypt Bezerra et al. (2012) 

Castor bean Ricinus communis High (>8) Medium Vegetable oil Brazil, Tunisia Morais et al. (2024) 

Sugarcane 
Saccharum 
officinarum 

Moderate (3-5) High Bioenergy Brazil, India 
Fakhru'l-Razi et al. 

(2009) 

Fodder palm Opuntia spp. Very high (>10) High Animal feed Brazil, Mexico, Morocco Echchelh et al. (2019) 
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6.1 Environmental and agronomic impacts of produced water use 

 

Although the reuse of PW in agriculture represents a strategic opportunity for the 

integrated management of water resources in semi-arid regions, this practice involves 

significant challenges, especially in relation to preserving soil quality, crop productivity 

and environmental protection. The complex composition of PW, often rich in soluble 

salts, sodium, heavy metals, metalloids and naturally occurring radionuclides (NORMs), 

can jeopardize the sustainability of agricultural systems if adequate monitoring and 

management measures are not adopted (Jiménez et al., 2018; McAdams et al., 2019; 

Oetjen et al., 2018). 

6.2 Salinity and sodicity 

 

High salinity, expressed by EC values that are often higher than those 

recommended for irrigation, is one of the main limiting factors for the use of PW in 

agriculture. The accumulation of salts in the soil can compromise water absorption by 

plants, cause ionic toxicity, reduce root growth and, consequently, negatively affect 

productivity (Hualpa-Ramirez et al., 2024; Maas, 1984). 

In addition to the effects on plant physiology, the excessive presence of sodium 

ions in the soil solution can induce sodicity processes, which include dispersion of clay 

particles, structural collapse, reduced infiltration rate and increased surface compaction. 

These effects compromise aeration and hinder root development (Echchelh et al., 2019). 

SAR is an essential indicator for diagnosing this risk. Studies have shown that SAR values 

of more than 6 can significantly compromise the physical properties of soil irrigated with 

saline or sodic water (Alley et al., 2011). 

Figure 6 illustrates the response of different agricultural crops to soil salinity, 

according to the classic model proposed by Maas (1984), showing the thresholds of 

tolerance to the electrical conductivity of the soil saturation extract (ECe). 
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Figure 6. Response curves of agricultural crops to soil salinity. 
 

6.3 Heavy metals and NORMs 

 

PW can contain potentially toxic elements such as barium (Ba), cadmium (Cd), 

lead (Pb) and arsenic (As), as well as natural radionuclides such as uranium-238 (²³xU) 

and radium-226 (²²vRa). The presence of these contaminants represents a significant 

concern, since they have high environmental persistence, bioaccumulation capacity in the 

soil and potential absorption by plants. When not properly monitored, these elements can 

cause phytotoxic effects and pose risks to human health and the environment, especially 

in agricultural food chains (McAdams et al., 2019; Oetjen et al., 2018). 

Even in systems with non-food crops, such as those aimed at producing bioenergy 

or fodder, continuous monitoring of the presence and behavior of these contaminants in 

the soil is indispensable to ensure the integrity of the ecosystem and avoid indirect 

impacts, such as leaching into aquifers. 

The mobility and bioavailability of heavy metals and radionuclides are influenced 

by various factors, such as soil pH, textural composition, organic matter content and redox 

conditions (Dashtey, 2024; Dragovi� et al., 2012). Clay soils, for example, tend to retain 

more metals due to their greater ion exchange capacity, while acidic soils increase the 

solubility and transport of these contaminants. Organic matter can form complexes with 

metals, increasing or reducing their mobility, depending on the type of interaction. 

CONAMA Resolution No.º 420/2009 (BRASIL, 2009) establishes guideline 

values for the concentration of contaminants in soils, serving as a normative reference for 
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assessing the feasibility of reusing PW. However, factors such as exposure time, the 

nature of the soil and the physiological characteristics of the crops grown must be 

considered for a more realistic and contextualized risk assessment. 

6.4 Short- and long-term effects and mitigation strategies 

 

In the short term, the negative effects of PW use can be barely perceptible, 

especially when there is dilution or prior treatments. Field studies indicate that crops such 

as sorghum, elephant grass and cotton can maintain productivity even under irrigation 

with treated PW, as long as the parameters are within acceptable ranges (Ebrahimian et 

al., 2019). However, the long-term impacts are still uncertain, especially in relation to the 

accumulation of salts and metals in the soil and the potential for groundwater 

contamination (Echchelh et al., 2019). Table 7 summarizes the main impacts of this 

effluent on crops and soil attributes, considering different PW compositions and 

management scenarios. 
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Table 7. Main impacts of produced water use on agricultural crops and soil. 
Impact Description of impact Effect on crops 

Hydrocarbon 
toxicity 

Presence of compounds such as 
benzene, toluene and xylenes 

Inhibits water absorption; damages 
cell membranes and causes reduced 

growth 

Heavy metals 
Accumulation of lead, cadmium and 

mercury 

Inhibits root growth and reduces 
photosynthesis 

High salinity High concentration of salts in the PW 

Causes water stress, reduces water 
absorption and has a greater impact 

on salinity-sensitive crops 

Changes in the 
soil 

Reduced porosity, aeration and 
microbial activity 

Causes damage to root 
development and reduces nutrient 

cycling 

Phytotoxicity 
Direct damage to plants due to the 
presence of chemical compounds 

Chlorosis; necrosis and reduced 
biomass 

Accumulation of 
contaminants 

Absorption of heavy metals and 
hydrocarbons by plants 

Causes risks to human and animal 
health and contaminates grains, 

fibers and biomass 

Reduced 
productivity 

Combination of all of the above 
Reduces the production of fibers, 

grains, oil and biomass 

Source: Adapted from Alley et al. (2011), Echchelh (2019), McAdams et al. (2019) and other data from the 
literature. 
 

Adopting good management practices is key to reducing environmental and 

agronomic risks. Some of the most recommended strategies are shown in Figure 7. 

Figure 7. Strategies for mitigating environmental risks with produced water and good 
management practices. 
 

These practices, when integrated into a management plan adapted to local 

conditions, can enable the sustainable use of PW in agriculture, promoting economic 

gains, water conservation and the valorization of marginalized areas. 
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6.5 Brazilian panorama and convergence with sustainable policies 

In Brazil, the reuse of PW in agriculture has aroused growing interest, especially 

in semi-arid regions, where water scarcity represents a structural challenge. Case studies 

show that, with appropriate treatment technologies and management strategies, it is 

possible to use PW to irrigate crops without compromising productivity. Gonçalo Filho 

et al. (2020) identified positive effects on the nutritional status of cotton irrigated with 

reuse water, while Sousa (2015) highlighted the potential of this practice to guarantee 

productive autonomy in family farming in the semi-arid region of Paraíba. A systematic 

review carried out by Jeronimo (2022) reinforces the growing trend in national research 

on this subject, signaling its potential as a solution to water insecurity. 

At the same time, the integration of PW reuse with public policies aimed at 

bioenergy and sustainability increases its viability. The Brazilian energy matrix is mostly 

renewable, with 48% of its composition coming from clean sources such as biomass, 

hydroelectric, solar and wind (EPE, 2022). In the case of the electricity matrix, this share 

exceeds 80%, driven by the advance of solar energy, whose installed capacity grew from 

11.6% to 17% between 2023 and 2024, reaching 39 GW (ABSOLAR, 2024). Even so, 

sectors such as transportation and part of industry remain heavily dependent on fossil 

fuels, making biofuels, such as biodiesel and ethanol, strategic components in the energy 

transition (Demirbas, 2008; Park et al., 2021). 

Programs such as Proálcool, PNPB and, more recently, PATEN (launched in 

2024), have consolidated Brazil's role as a reference in bioenergy incentive policies 

(BRASIL, 2025b, 2025a) . Irrigation with PW of dual-purpose crops - energy and fodder 

- such as sorghum, elephant grass and cotton, can be integrated into these programs, 

enabling interconnected production systems that simultaneously ensure food production, 

energy generation and rational use of water. 

6.6. Sustainability, Circular Economy and Carbon Credits  

The reuse of PW in agriculture is also in line with the principles of the circular 

economy, as it transforms a waste product from the oil industry into an input for agro-

energy production. This reuse reduces the pressure on conventional water sources, 

optimizes the use of resources and contributes to the sustainability of production systems, 

especially in regions with water scarcity. 
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Applying the circular economy to agriculture requires not only technical 

solutions, but also integrated socio-economic approaches. Purvis; Celebi and Pansera 

(2023) advocate the adoption of Responsible Research and Innovation (RRI) as a tool to 

guarantee social justice in the implementation of circularity. Kirchherr et al. (2023) and 

Liu (2024) point out that without incorporating this social dimension, the circular 

economy runs the risk of being limited to technocratic discourses, disconnected from the 

reality of the territories. 

The PW reuse strategy also contributes directly to achieving the Sustainable 

Development Goals (SDGs), in particular SDG 6 (drinking water and sanitation), by 

promoting the reuse and preservation of water resources; SDG 7 (clean and affordable 

energy), by promoting bioenergy; SDG 12 (responsible consumption and production), by 

incorporating reuse practices; and SDG 13 (climate action), by increasing carbon 

sequestration and reducing emissions associated with the use of fossil fuels. 

In addition, the use of PW in integrated agricultural systems can generate carbon 

credits from the sequestration of CO¢ in biomass and soil, the replacement of inputs and 

the recovery of degraded areas. Crops such as eucalyptus, sugar cane, corn, soybeans and 

elephant grass have a high potential for carbon capture, especially when associated with 

conservation practices such as no-till farming, crop rotation and crop-livestock-forest 

integration (Demirbas, 2008; Tilman; Hill; Lehman, 2006). 

Projects structured on the basis of these principles can be included in regulated or 

voluntary carbon markets, such as Verra or the Brazilian Agricultural Carbon Credit 

Program (EMBRAPA, 2023), as long as they comply with robust quantification and 

verification methodologies. Figure 8 below illustrates the interrelationship between the 

principles of the circular economy, the reuse of PW, the SDGs and carbon credits. 
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Figure 8.  Relationship between the circular economy, reuse of produced water and the 
SDGs. 
 

In this context, Table 8 presents a summary of the main crops with carbon 

sequestration potential, their contributions and associated agricultural practices, 

highlighting their relevance in sustainable bioenergy systems. 

 

 

Table 8. Energy crops and agricultural practices with carbon sequestration potential. 
Crop Contribution Associated practices References 

Eucalyptus High growth; high biomass Reforestation Lal (2004) 

Sugarcane 
High photosynthetic rate; high 

biomass; use for biofuels 

Large-scale cultivation; 
waste for bioenergy 

Tilman, Hill and 
Lehman (2006) 

Maize High biomass production 
No-till; crop rotation; 
waste for composting 

West and Post 
(2002) 

Soybean Biological nitrogen fixation 

No-till; crop rotation; 
crop-livestock 

integration 

Lal (2004) 

Elephant 
grass 

High growth; high biomass; bioenergy; 
animal feed 

Crop-livestock-forest 
integration; biofuels 

Tilman, Hill and 
Lehman (2006) 

Source: Adapted from Lal (2004); West and Post (2002); Tilman, Hill and Lehman (2006). 
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7. CONCLUSION 

The agricultural reuse of produced water is a strategic opportunity for Brazil to 

advance policies for the rational use of water, climate change mitigation and the 

consolidation of sustainable production models. Although most of Brazil's PW is 

generated on offshore platforms, onshore operations, especially in the Potiguar Basin, 

with daily production close to 1 million barrels, offer the best logistical and agronomic 

potential for agricultural reuse. The adoption of this resource in irrigated systems depends 

on tackling technical and regulatory barriers, such as salinity control and the presence of 

contaminants such as BTEX, trace metals and NORMs. International experiences, such 

as those in the USA, indicate that the safe reuse of PW is feasible with specific 

regulations, appropriate technologies and the selection of tolerant crops. In Brazil, the 

absence of a federal regulatory framework represents an obstacle, but also an opportunity 

for producing states, such as Rio Grande do Norte, Ceará and Bahia, to lead pilot projects. 

Valuing PW as an agricultural input in semi-arid regions makes it possible to reduce 

pressure on aquifers, increase the production of biomass for energy and integrate water 

resource management into the energy transition agenda and the generation of carbon 

credits. Brazil has favorable soil, climate and operational conditions for transforming PW 

from an environmental liability into a productive asset, as long as science, public policies 

and the productive sector work together. 

 



111

REFERENCES  

ABDELHAMID, C. et al. Produced Water Treatment Technologies: A Review. 
Energies, [ s. l.], v. 18, n. 1, p. 63, 2025. Available at: https://www.mdpi.com/1996-
1073/18/1/63. Accessed on: June 26, 2025. 

ABSOLAR. 2024: The year of solar energy in Brazil. [ S. l.]: Brazilian Photovoltaic 
Solar Energy Association, 2024. Available at: https://www.absolar.org.br/noticia/https-
www-modaisemfoco-com-br-noticias-2024-o-ano-da-energia-solar-no-brasil/. . 

AGUIRRE HERNANDEZ, E. A. Management of Produced Water from the Oil and 
Gas Industry: Characterization, Treatment, Disposal and Beneficial Reuse. 2021. 
76 f. laurea - Politecnico di Torino, [s. l.], 2021. Available at: 
https://webthesis.biblio.polito.it/19969/. Accessed on: June 26, 2025. 

AL-GHOUTI, M. A. et al. Produced water characteristics, treatment and reuse: A 
review. Journal of Water Process Engineering, [ s. l.], v. 28, p. 222-239, 2019. 
Available at: https://www.sciencedirect.com/science/article/pii/S2214714418306858. 
Accessed on: Apr. 2, 2025. 

ALLEY, B. et al. Chemical and physical characterization of produced waters from 
conventional and unconventional fossil fuel resources. Chemosphere, [ s. l.], v. 85, n. 1, 
p. 74-82, 2011. Available at: 
https://www.sciencedirect.com/science/article/pii/S0045653511005960. Accessed on: 
Apr. 21, 2025. 

ASSUNÇÃO, M. V. D. de; VIEIRA, M. M.; ALMEIDA, M. R. de. Influencing factors 
in the undesired production of oil produced water: a study in the Potiguar Basin/Brazil. 
HOLOS, [ s. l.], v. 2, p. 146-160, 2018. Available at: 
https://www2.ifrn.edu.br/ojs/index.php/HOLOS/article/view/6479. Accessed on: Apr. 
21, 2025. 

BAKKE, T.; KLUNGSØYR, J.; SANNI, S. Environmental impacts of produced water 
and drilling waste discharges from the Norwegian offshore petroleum industry. Marine 
Environmental Research, [ s. l.], v. 92, p. 154-169, 2013. Available at: 
https://www.sciencedirect.com/science/article/pii/S0141113613001621. Accessed on: 
June 26, 2025. 

BEZERRA, B. G. et al. Evapotranspiration and crop coefficient for sprinkler-irrigated 
cotton crop in Apodi Plateau semiarid lands of Brazil. Agricultural Water 
Management, [ s. l.], v. 107, p. 86-93, 2012. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377412000297. Accessed on: 
Apr. 21, 2025. 

BRAZIL. Program to Accelerate the Energy Transition was sanctioned on 
Wednesday. [ S. l.], 2025a. Available at: https://www.gov.br/mme/pt-
br/assuntos/noticias/programa-de-aceleracao-da-transicao-energetica-foi-sancionado-
nesta-quarta-feira. Accessed on: 22 Apr. 2025.  



112

BRAZIL. National Biodiesel Program completes 20 years promoting energy 
transition allied to the Fuel of the Future Law. [ S. l.], 2025b. Available at: 
https://www.gov.br/secom/pt-br/assuntos/noticias/2025/janeiro/programa-nacional-de-
biodiesel-completa-20-anos-promovendo-transicao-energetica-aliada-a-lei-do-
combustivel-do-futuro. Accessed on: 22 Apr. 2025.  

BRASIL, C. N. do M. A. (CONAMA). CONAMA Resolution No.357, of March 17, 
2005. 2005. Disponível em: 
https://www.icmbio.gov.br/cepsul/images/stories/legislacao/Resolucao/2005/res_conam
a_357_2005_classificacao_corpos_agua_rtfcda_altrd_res_393_2007_397_2008_410_2
009_430_2011.pdf.  

BRASIL, C. N. do M. A. (CONAMA). CONAMA Resolution No.393, of August 8, 
2007. 2007. Available at: 
https://conama.mma.gov.br/?id=530&option=com_sisconama&task=arquivo.download.  

BRAZIL. CONAMA Resolution No.420, of December 28, 2009. 2009. Available at: 
https://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=620. Accessed on: 22 Apr. 
2025. 

CHAGANTI, V. N. et al. Effects of treated urban wastewater irrigation on bioenergy 
sorghum and soil quality. Agricultural Water Management, [ s. l.], v. 228, p. 105894, 
2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377419316737. Accessed on: 
Apr. 21, 2025. 

COEMA. State Environment Council - COEMA. COEMA Resolution n.o02, of 
February 2, 2017. o154, of July 22, 2002 and no111, of April 5, 2011, and amends 
Ordinance GM/MS SEMANA no151, of November 25, 2002. Official Gazette of the 
State of Ceará, Fortaleza-CE, 2017.  

COOPER, C. M. et al. Oil and Gas Produced Water Reuse: Opportunities, Treatment 
Needs, and Challenges. ACS ES&T Engineering, [ s. l.], v. 2, n. 3, p. 347-366, 2021. 
Available at: https://doi.org/10.1021/acsestengg.1c00248. Accessed on: June 26, 2025. 

COSTA, T. C. et al. Evaluation of the technical and environmental feasibility of 
adsorption process to remove water soluble organics from produced water: A review. 
Journal of Petroleum Science and Engineering, [ s. l.], v. 208, p. 109360, 2022. 
Available at: https://www.sciencedirect.com/science/article/pii/S092041052101010X. 
Accessed on: June 26, 2025. 

CURTO, D.; FRANZITTA, V.; GUERCIO, A. A Review of the Water Desalination 
Technologies. Applied Sciences, [ s. l.], v. 11, n. 2, p. 670, 2021. Available at: 
https://www.mdpi.com/2076-3417/11/2/670. Accessed on: Apr. 21, 2025. 

DASHTEY, A. Fate and Transport of Heavy Metals in Soil, Surface Water, and 
Groundwater: Implications for Environmental Management. International Journal of 
Scientific Research and Management (IJSRM), [ s. l.], v. 12, n. 12, p. 202-215, 2024. 
Available at: https://ijsrm.net/index.php/ijsrm/article/view/5960. Accessed on: 29 Apr. 
2025. 



113

DAWOUD, M. A. et al. Produced Water Treatment and Reuse Options: Alternatives for 
Sustainable Water Resources. In: SPE WATER LIFECYCLE MANAGEMENT 
CONFERENCE AND EXHIBITION, 2024. Proceedings [...]. [ S. l.]: OnePetro, 2024. 
Available at: https://dx.doi.org/10.2118/218959-MS. Accessed on: June 26, 2025. 

DEMIRBAS, A. Biofuels sources, biofuel policy, biofuel economy and global biofuel 
projections. Energy Conversion and Management, [ s. l.], v. 49, n. 8, p. 2106-2116, 
2008. Available at: 
https://www.sciencedirect.com/science/article/pii/S0196890408000770. Accessed on: 
Apr. 21, 2025. 

DOLAN, F. C.; CATH, T. Y.; HOGUE, T. S. Assessing the feasibility of using 
produced water for irrigation in Colorado. 2018. [ s. l.], 2018. Available at: 
https://www.sciencedirect.com/science/article/pii/S0048969718318497. Accessed on: 
Apr. 21, 2025. 

DÓREA, H. S. et al. Analysis of BTEX, PAHs and metals in the oilfield produced water 
in the State of Sergipe, Brazil. Microchemical Journal, [ s. l.], v. 85, n. 2, p. 234-238, 
2007. Available at: 
https://www.sciencedirect.com/science/article/pii/S0026265X0600124X. Accessed on: 
June 26, 2025. 

DRAGOVI�, S. et al. Edaphic factors affecting the vertical distribution of radionuclides 
in the different soil types of Belgrade, Serbia. Journal of Environmental Monitoring, 
[ s. l.], v. 14, n. 1, p. 127-137, 2012. Available at: 
https://pubs.rsc.org/en/content/articlelanding/2012/em/c1em10457h. Accessed on: 29 
Apr. 2025. 

DU, M. et al. Effects of oilfield-produced water discharge on the spatial patterns of 
microbial communities in arid soils. Science of The Total Environment, [ s. l.], v. 916, 
p. 170333, 2024. Available at: 
https://www.sciencedirect.com/science/article/pii/S0048969724004686. Accessed on: 
Apr. 21, 2025. 

EBRAHIMIAN, E. et al. Seed yield and oil quality of sunflower, safflower, and sesame 
under different levels of irrigation water availability. Agricultural Water 
Management, [ s. l.], v. 218, p. 149-157, 2019. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377419305773. Accessed on: 
Apr. 21, 2025. 

ECHCHELH, A. et al. Assessing the environmental sustainability of irrigation with oil 
and gas produced water in drylands. Agricultural Water Management, [ s. l.], v. 223, 
p. 105694, 2019. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377418319954. Accessed on: 
May 17, 2025. 

ECHCHELH, A. et al. Towards agro-environmentally sustainable irrigation with treated 
produced water in hyper-arid environments. Agricultural Water Management, [ s. l.], 
v. 243, p. 106449, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377420313408. Accessed on: 
June 26, 2025. 



114

ECHCHELH, A.; HESS, T.; SAKRABANI, R. Agro-environmental sustainability and 
financial cost of reusing gasfield-produced water for agricultural irrigation. 
Agricultural Water Management, [ s. l.], v. 227, p. 105860, 2020. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377419312831. Accessed on: 
Apr. 21, 2025. 

EMBRAPA. Embrapa presents the Brazilian Agricultural Carbon Credit Program. 
[ S. l.], 2023. Available at: https://www.embrapa.br/busca-de-noticias/-
/noticia/81860358/embrapa-apresenta-programa-brasileiro-de-credito-de-carbono-
agricola. Accessed on: 22 Apr. 2025.  

EPE. ENERGY MATRIX. [ S. l.], 2022. Available at: 
https://www.epe.gov.br/pt/abcdenergia/matriz-energetica-e-eletrica. Accessed on: 22 
Apr. 2025.  

FAKHRU'L-RAZI, A. et al. Review of technologies for oil and gas produced water 
treatment. Journal of Hazardous Materials, [ s. l.], v. 170, n. 2, p. 530-551, 2009. 
Available at: https://www.sciencedirect.com/science/article/pii/S030438940900778X. 
Accessed on: June 26, 2025. 

FAO. Water quality for agriculture.  Rome: FAO, 1985. (Irrigation and Drainage 
Paper). v. 29 Rev. 1 Available at: https://www.fao.org/3/t0234e/t0234e00.htm. Accessed 
on: 22 Apr. 2025. 

FIGUEREDO, K. S. L. et al. Study of produced water using hydrochemistry and 
multivariate statistics in different production zones of mature fields in the Potiguar 
Basin - Brazil. Journal of Petroleum Science and Engineering, [ s. l.], v. 116, p. 109-
114,2014. Accessed on: Apr. 21, 2025. 

GABARDO, I. T. et al. Evaluation of Produced Water from Brazilian Offshore 
Platforms. In: LEE, K.; NEFF, J. (org.) Produced Water: Environmental Risks and 
Advances in Mitigation Technologies. New York, NY: Springer, 2011. p. 89-113. 
Available at: https://doi.org/10.1007/978-1-4614-0046-2_3. Accessed on: June 26, 
2025. 

GONÇALO FILHO, F. et al. Nutritional status of cotton fertilized with reuse water and 
phosphate fertilization. s. l.], 2020. Available at: 
https://www.scielo.br/j/rbeaa/a/8MdR7qbhfcbfcGwxBJ773CQ/abstract/?lang=pt&forma
t=html. Accessed on: 22 Apr. 2025. 

GWI. Global Water Intelligence | GWI. [ S. l.], 2022. Available at: 
https://www.globalwaterintel.com/. Accessed on: June 26, 2025.  

GWPC. Publications | Ground Water Protection Council. In:  2023.  Available at: 
https://www.gwpc.org/research/. Accessed on: June 26, 2025. 

HUALPA-RAMIREZ, E. et al. Stress salinity in plants: New strategies to cope with in 
the foreseeable scenario. Plant Physiology and Biochemistry, [ s. l.], v. 208, p. 
108507, 2024. Available at: 
https://www.sciencedirect.com/science/article/pii/S098194282400175X. Accessed on: 
April 29, 2025. 



115

IBRAHIM, M. et al. Advances in Produced Water Treatment Technologies: An In-
Depth Exploration with an Emphasis on Membrane-Based Systems and Future 
Perspectives. Water, [ s. l.], v. 15, n. 16, p. 2980, 2023. Available at: 
https://www.mdpi.com/2073-4441/15/16/2980. Accessed on: June 26, 2025. 

JERONIMO, O. Wastewater reuse in agriculture: a systematic review. s. l.], 2022. 
Available at: https://ri.ufs.br/jspui/handle/riufs/17149. Accessed on: 22 Apr. 2025. 

JHA, S. et al. A Review of Thermochemical Conversion of Waste Biomass to Biofuels. 
Energies, [ s. l.], v. 15, n. 17, p. 6352, 2022. Available at: https://www.mdpi.com/1996-
1073/15/17/6352. Accessed on: Apr. 21, 2025. 

JIMÉNEZ, S. et al. State of the art of produced water treatment. Chemosphere, [ s. l.], 
v. 192, p. 186-208, 2018. Available at: 
https://www.sciencedirect.com/science/article/pii/S0045653517317241. Accessed on: 
Apr. 21, 2025. 

KHAYET, M.; MATSUURA, T. Membrane Distillation: Principles and Applications. 
[ S. l.]: Elsevier, 2011.  

KIRCHHERR, J. et al. Conceptualizing the Circular Economy (Revisited): An Analysis 
of 221 Definitions. Resources, Conservation and Recycling, [ s. l.], v. 194, p. 107001, 
2023. Available at: 
https://www.sciencedirect.com/science/article/pii/S0921344923001374. Accessed on: 
22 Apr. 2025. 

LAL, R. Soil Carbon Sequestration Impacts on Global Climate Change and Food 
Security. Science, [ s. l.], v. 304, n. 5677, p. 1623-1627, 2004. Available at: 
https://www.science.org/doi/full/10.1126/science.1097396. Accessed on: April 21, 2025. 

LEITE, D. M. Estudo do balanço quantitativo da água produzida em campos 
terrestres de petróleo no Brasil. 2020. [ s. l.], 2020.  

LIMA, J. G. A. et al. Water requirement and crop coefficients of sorghum in Apodi 
Plateau. Brazilian Journal of Agricultural and Environmental Engineering, [ s. l.], 
v. 25, p. 684-688, 2021. Available at: 
https://www.scielo.br/j/rbeaa/a/qxCQyKzNkhVXD4pMV44sqqQ/?lang=en. Accessed 
on: Apr. 21, 2025. 

LIU, K. Circular economy and the separated yet inseparable social dimension: Views 
from European circular city experts. Sustainable Production and Consumption, [ s. 
l.], v. 51, p. 474-483, 2024. Available at: 
https://www.sciencedirect.com/science/article/pii/S2352550924002732. Accessed on: 
22 Apr. 2025. 

MAAS, E. V. Crop Tolerance. In: [ S. l.: s. n.], 1984. v. 38, p. 20-21.  

MCADAMS, B. C. et al. In situ transformation of hydraulic fracturing surfactants from 
well injection to produced water. Environmental Science: Processes & Impacts, [ s. 
l.], v. 21, n. 10, p. 1777-1786, 2019. Available at: 
https://pubs.rsc.org/en/content/articlelanding/2019/em/c9em00153k. Accessed on: Apr. 
21, 2025. 



116

MORAIS, P. R. R. et al. The Role of the State in Diversifying and Expanding the 
Brazilian Energy Matrix: an Analysis of Legislation. Sociedade & Natureza, [ s. l.], v. 
36, p. e70415, 2024. Available at: 
https://www.scielo.br/j/sn/a/95V5VJdPyM8pvTkKk7pxc3L/?lang=en. Accessed on: 
Apr. 21, 2025. 

MOURA, L. C. A. S. et al. Evaluation of the potential use of oil produced water 
from onshore production companies in the Potiguar basin for irrigation of oilseed 
and grass crops for biofuel and bioenergy production. [ S. l.: s. n.], 2024.  

MOUSSET, E. et al. Cost comparison of advanced oxidation processes for wastewater 
treatment using accumulated oxygen-equivalent criteria. Water Research, [ s. l.], v. 
200, p. 117234, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S0043135421004322. Accessed on: 
June 26, 2025. 

NAICKER, K.-I. et al. Non-Thermal Plasma Review: Assessment and Improvement of 
Feasibility as a Retrofitted Technology in Tertiary Wastewater Purification. Applied 
Sciences, [ s. l.], v. 13, n. 10, p. 6243, 2023. Available at: https://www.mdpi.com/2076-
3417/13/10/6243. Accessed on: June 26, 2025. 

NAWAZ, M. A. et al. Melatonin: Current Status and Future Perspectives in Plant 
Science. Frontiers in Plant Science, [ s. l.], v. 6, 2016. Available at: 
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2015.01230/full. 
Accessed on: Apr. 2, 2025. 

NEFF, J.; LEE, K.; DEBLOIS, E. M. Produced Water: Overview of Composition, Fates, 
and Effects. In: LEE, K.; NEFF, J. (org.) Produced Water: Environmental Risks and 
Advances in Mitigation Technologies. New York, NY: Springer, 2011. p. 3-54. 
Available at: https://doi.org/10.1007/978-1-4614-0046-2_1. Accessed on: June 26, 2025. 

NWOKOMA, D. B.; DAGDE, K. K. Niger Delta Oilfields Produced Water 
Characteristics and Treatment Technologies: Challenges and Solutions. American 
Journal of Chemical Engineering, [ s. l.], v. 12, n. 4, p. 97-108, 2024. Available at: 
http://www.sciencepg.com/article/10.11648/j.ajche.20241204.12. Accessed on: June 26, 
2025. 

OETJEN, K. et al. Temporal characterization and statistical analysis of flowback and 
produced waters and their potential for reuse. Science of The Total Environment, [ s. 
l.], v. 619-620, p. 654-664, 2018. Available at: 
https://www.sciencedirect.com/science/article/pii/S0048969717331364. Accessed on: 
Apr. 21, 2025. 

OLIVEIRA, A. C. L. de et al. Spatial analysis of energy indicators and proposition of 
alternative generation sources for the Brazilian territory. Journal of Cleaner 
Production, [ s. l.], v. 356, p. 131894, 2022. Available at: 
https://www.sciencedirect.com/science/article/pii/S0959652622015049. Accessed on: 
Apr. 21, 2025. 

PARK, K. et al. Toward sustainable production of value-added bioenergy and industrial 
oils in oilseed and biomass feedstocks. GCB Bioenergy, [ s. l.], v. 13, n. 10, p. 1610-



117

1623, 2021. Available at: https://onlinelibrary.wiley.com/doi/abs/10.1111/gcbb.12883. 
Accessed on: Apr. 21, 2025. 

PICA, N. E. et al. Produced water reuse for irrigation of non-food biofuel crops: Effects 
on switchgrass and rapeseed germination, physiology and biomass yield. Industrial 
Crops and Products, [ s. l.], v. 100, p. 65-76, 2017. Available at: 
https://www.sciencedirect.com/science/article/pii/S0926669017301012. Accessed on: 
June 26, 2025. 

PICHTEL, J. Oil and Gas Production Wastewater: Soil Contamination and Pollution 
Prevention. Applied and Environmental Soil Science, [ s. l.], v. 2016, n. 1, p. 
2707989, 2016. Available at: 
https://onlinelibrary.wiley.com/doi/abs/10.1155/2016/2707989. Accessed on: June 26, 
2025. 

PURVIS, B.; CELEBI, D.; PANSERA, M. A framework for a responsible circular 
economy. Journal of Cleaner Production, [ s. l.], v. 400, p. 136679, 2023. Available 
at: https://www.sciencedirect.com/science/article/pii/S0959652623008375. Accessed 
on: 22 Apr. 2025. 

RODRIGUEZ, A. Z. et al. Treatment of Produced Water in the Permian Basin for 
Hydraulic Fracturing: Comparison of Different Coagulation Processes and Innovative 
Filter Media. Water, [ s. l.], v. 12, n. 3, p. 770, 2020. Available at: 
https://www.mdpi.com/2073-4441/12/3/770. Accessed on: June 26, 2025. 

SANTOS, A. Q. O. et al. Electricity Market in Brazil: A Critical Review on the Ongoing 
Reform. Energies, [ s. l.], v. 14, n. 10, p. 2873, 2021. Available at: 
https://www.mdpi.com/1996-1073/14/10/2873. Accessed on: Apr. 21, 2025. 

SCHLESINGER, W. H.; AMUNDSON, R. Managing for soil carbon sequestration: 
Let's get realistic. Global Change Biology, [ s. l.], v. 25, n. 2, p. 386-389, 2019. 
Available at: https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.14478. Accessed on: 
22 Apr. 2025. 

SCHOLZ, M. Wetlands for Water Pollution Control. [ S. l.]: Elsevier, 2023.  

SELEIMAN, M. F. et al. Impacts of Long- and Short-Term of Irrigation with Treated 
Wastewater and Synthetic Fertilizers on the Growth, Biomass, Heavy Metal Content, 
and Energy Traits of Three Potential Bioenergy Crops in Arid Regions. Energies, [ s. 
l.], v. 14, n. 11, p. 3037, 2021. Available at: https://www.mdpi.com/1996-
1073/14/11/3037. Accessed on: 22 Apr. 2025. 

SHUAIBU, A. M. et al. Biofuel: A sustainable and clean alternative to fossil fuel. GSC 
Advanced Research and Reviews, [ s. l.], v. 21, n. 2, p. 204-222, 2024. Available at: 
https://gsconlinepress.com/journals/gscarr/node/3003. Accessed on: 22 Apr. 2025. 

SILVA, T. L. S. et al. An overview on exploration and environmental impact of 
unconventional gas sources and treatment options for produced water. Journal of 
Environmental Management, [ s. l.], v. 200, p. 511-529, 2017. Available at: 
https://www.sciencedirect.com/science/article/pii/S0301479717305832. Accessed on: 
June 26, 2025. 



118

SOLANO, J. M. et al. Water requirements of four cutting grasses for efficient water in 
the dry Colombian Caribbean. Ciencia y Tecnología Agropecuaria, [ s. l.], v. 15, n. 1, 
p. 83-99, 2014. Available at: 
http://www.scielo.org.co/scielo.php?script=sci_abstract&pid=S0122-
87062014000100008&lng=en&nrm=iso&tlng=es. Accessed on: 22 Apr. 2025. 

SOUSA, I. A. de L. Treatment and reuse of water as a form of productive autonomy 
for the development of family farming: Case study. 2015.  masterThesis[s. l.], 2015. 
Available at: http://repositorio.ifpb.edu.br/jspui/handle/177683/1526. Accessed on: 22 
Apr. 2025. 

TILMAN, D.; HILL, J.; LEHMAN, C. Carbon-Negative Biofuels from Low-Input 
High-Diversity Grassland Biomass. Science, [ s. l.], v. 314, n. 5805, p. 1598-1600, 
2006. Available at: https://www.science.org/doi/full/10.1126/science.1133306. Accessed 
on: 22 Apr. 2025. 

VAZIFEDOUST, M. et al. Increasing water productivity of irrigated crops under limited 
water supply at field scale. Agricultural Water Management, [ s. l.], v. 95, n. 2, p. 89-
102, 2008. Available at: 
https://www.sciencedirect.com/science/article/pii/S0378377407002211. Accessed on: 
22 Apr. 2025. 

VEIL, J. A. Produced Water Management Options and Technologies. In: LEE, K.; 
NEFF, J. (eds.) Produced Water: Environmental Risks and Advances in Mitigation 
Technologies. New York, NY: Springer, 2011. p. 537-571. Available at: 
https://doi.org/10.1007/978-1-4614-0046-2_29. Accessed on: April 22, 2025. 

WEST, T. O.; POST, W. M. Soil Organic Carbon Sequestration Rates by Tillage and 
Crop Rotation. Soil Science Society of America Journal, [ s. l.], v. 66, n. 6, p. 1930-
1946, 2002. Available at: 
https://onlinelibrary.wiley.com/doi/abs/10.2136/sssaj2002.1930. Accessed on: 22 Apr. 
2025. 

YANG, Q. et al. Country-level potential of carbon sequestration and environmental 
benefits by utilizing crop residues for biochar implementation. Applied Energy, [ s. l.], 
v. 282, p. 116275, 2021. Available at: 
https://www.sciencedirect.com/science/article/pii/S0306261920316652. Accessed on: 
June 17, 2025. 

YONG, K. J.; WU, T. Y. Second-generation bioenergy from oilseed crop residues: 
Recent technologies, techno-economic assessments and policies. Energy Conversion 
and Management, [ s. l.], v. 267, p. 115869, 2022. Available at: 
https://www.sciencedirect.com/science/article/pii/S0196890422006653. Accessed on: 
22 Apr. 2025. 

ZHANG, Z. et al. Feasibility evaluation of the treatment and recycling of shale gas 
produced water: a case study of the first shale gas field in the Eastern Sichuan Basin, 
China. Environmental Science: Water Research & Technology, [ s. l.], v. 5, n. 2, p. 
358-369, 2019. Available at: 
https://pubs.rsc.org/en/content/articlelanding/2019/ew/c8ew00760h. Accessed on: June 
26, 2025. 



119

 CHAPTER III 

SOIL QUALITY AND DEVELOPMENT OF BIOENERGY CROPS WITH 
PRODUCED WATER FROM PETROLEUM 

 

Abstract - The reuse of produced water from petroleum for agricultural purposes is a 

promising strategy to promote the sustainability of production systems and reduce 

pressure on water resources in semiarid regions. The objective of this study was to 

evaluate the effects of irrigation with dilutions of produced water from the petroleum 

industry in the Potiguar Basin on soil quality and the development of crops with bioenergy 

potential: sorghum, elephant grass, and cotton. The experiment was carried out in a 

greenhouse, in a randomized block design. Foundation fertilization and planting with 

seeds and stalks were performed. The treatments corresponded to the control (WS) and 

dilutions using produced water from petroleum (PW): 25%, 50%, 75%, and 100% of PW. 

The cultivation time of the species lasted 90 days. The analyses covered soil chemical 

characteristics after cultivation (including electrical conductivity, pH, sodium, and metal 

content) and plant morphological parameters (height, stem diameter and dry biomass). 

The results indicated that the use of produced water had variable impacts on soil 

properties and plant growth, depending on the species and dilution applied. In general, 

higher sodium and salinity levels were observed in treatments with higher PW 

concentrations, especially in the surface layers of the soil, which required caution 

regarding its continuous application. Despite this, sorghum and elephant grass crops 

demonstrated relative tolerance to the treatments, standing out as viable alternatives for 

the use of this water in agricultural systems focused on biomass and bioenergy 

production. The findings reinforce the importance of appropriate management practices 

and the selection of resilient species to enable the agricultural use of produced water as a 

strategic resource in sustainable agriculture and in the Brazilian energy transition. 

 

Keywords: Salinity; Water reuse; Alternative irrigation. 
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1.  INTRODUCTION 

 

The continued global dependence on the oil industry keeps the environmental 

impacts of its operations as a critical challenge for sustainability (Al Zarkani; El Fadel, 

2024). Produced water (PW) generally contains high levels of salts, dissolved and 

emulsified hydrocarbons, trace metals, and a variety of organic contaminants, which 

imposes limitations on its disposal or direct use in agriculture without appropriate 

treatment (Hisham et al., 2019; Yang et al., 2022). The increase in industrial activities has 

intensified the generation of PW, making its treatment and reuse a growing concern from 

an environmental point of view. The agricultural application of wastewater, such as PW, 

raises concerns about the accumulation of toxic minerals in the soil and possible effects 

on plant development, requiring rigorous assessment of its impacts (Sousa et al., 2017). 

Several studies indicate that prolonged irrigation with wastewater can gradually 

alter the physical and chemical properties of the soil, in addition to favoring the 

accumulation of contaminants in plants (Guimarães et al., 2010; Mota et al., 2012; Varallo 

et al., 2010). However, in arid and semi-arid regions, the reuse of treated PW emerges as 

a viable alternative to water scarcity, provided that appropriate management practices are 

adopted (Echchelh et al., 2019b). When properly selected and treated, this water can 

supply part of the water and nutritional needs of crops, offering a safe alternative for 

effluent disposal in agriculture. 

The selection of salt-tolerant species is essential, as this is one of the main factors 

limiting the use of PW in irrigation. Forage crops such as sorghum and elephant grass 

have favorable agronomic characteristics, such as rapid growth, high biomass production 

(Monção et al., 2020), and resistance to abiotic stresses, making them suitable for energy 

purposes and adaptable to the use of saline water. The use of diluted PW in water supplies 

for irrigating these crops represents a sustainable strategy that combines the reuse of 

industrial waste with the generation of renewable energy, provided that its influence on 

plant development and biomass quality is evaluated. Sorghum and elephant grass have 

been widely studied as alternatives to petroleum coke, especially in industries such as 

cement, which seek renewable sources to replace fossil fuels (Amaral et al., 2021). 

Among oilseeds, cotton (Gossypium hirsutum) stands out as a crop with moderate 

salinity tolerance and good adaptation to semi-arid conditions. Cotton, which is of 

socioeconomic importance in Brazil, is resistant to water stress. In addition, it has 
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potential for biofuel production and can be integrated into sustainable agricultural systems 

based on the circular economy, contributing to the use of PW.  

The assessment of the effects of effluent irrigation on soil is usually done by 

comparing irrigated and non-irrigated areas, based on chemical parameters and 

accumulated contaminants (Xu et al., 2010). Given the environmental risks associated 

with the oil industry, it is essential to develop sustainable strategies for managing this 

waste (Leontari et al., 2021), in line with the principles of the circular economy.   

This research is directly relevant to onshore oil production companies, notably 

those located in the Potiguar Basin, where the volumes of produced water are particularly 

high (Morais et al., 2024). By generating experimental data on the response of soil and 

crops irrigated with PW dilutions, this work supports the development of sustainable 

reuse solutions for effluent, promoting integration between oil activities and regenerative 

agriculture in a semi-arid context. 

Thus, the objective was to evaluate the use of PW, at different dilutions, in the 

irrigation of energy crops, analyzing the initial development of sorghum, elephant grass, 

and cotton, and the effects on soil chemical conditions. 

2.  MATERIAL 0AND METHODS 

2.1 Soil collection and experiment location  
 

The experiment was conducted with soil classified by the Brazilian Soil 

Classification System as Quartzarenic Neosol (Santos et al., 2018) and by the World 

Reference Base international system as Arenosols (WRB/FAO, 2015). In conducting the 

experiment, soil was collected from the surface layer (0-20 cm) in the region of Icapuí, 

state of Ceará, Brazil, at the geographical coordinates -4.71206º S and -37.49864º W. The 

experiment was conducted in a greenhouse on the east campus of the Federal Rural 

University of the Semi-Arid Region, in the city of Mossoró, state of Rio Grande do Norte, 

Brazil, at the geographical coordinates -5.203467º S and -37.324122º W. This greenhouse 

has a transparent low-density polyethylene cover, 0.10 mm thick, treated against 

ultraviolet rays and in an arch shape, 6.5 m wide, 12 m long, and 3 m high. The side and 

front walls are made of anti-aphid screens (50%) and a 0.24 m masonry baseboard. 
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2.2 Characterization of the waters studied 

As this water contains hydrocarbons, an initial analysis was carried out for BTEX 

components (benzene, toluene, xylene, and ethylbenzene). The samples were analyzed by 

solid-phase microextraction in headspace mode (HS-SPME) using gas chromatography 

(GC) coupled with a flame ionization detector (FID). Table 1 shows the results for the 

samples analyzed. 

 

Table 1. Analysis of BTEX components in produced water and water supply samples. 

Sample 
Analyte (μg L-1) 

Benzene Toluene Ethylbenzene m-p-xylenes o-xylene 

WS < LD < LD < LD < LD < LD 

25% < LD < LD < LD < LD < LD 

50% < LD < LD < LD < LD < LD 

50% < LD < LD < LD < LD < LD 

75% < LD < LD < LD < LD < LD 

100% < LD < LD < LD < LD < LD 

Legend: < LD: below detection limit. 

 

Tables 2 and 3 present the chemical analysis of the waters studied in the 

experiment and metal analysis, carried out at UFERSA and UFC, respectively. The 

produced water from oil came from a producing basin onshore in Rio Grande do Norte. 

It was treated at the company's facilities before being transported to the university to 

conduct this experiment. 

 

Table 2. Physical-chemical and chemical characterization of the waters studied. 
Treatment pH EC K+ Na+ Ca²z Mg² Cl- CO3 HCO3-  SAR Hardness Cation Anion 

H2O dS m-1 --------------------mmolc / L----------------------- mg/ L mmolc/ L 

WS 8.8 0.44 0.26 3.65 0.75 0.75 3 0.8 2.7 4.2 75 5.4 6.5 

PW 25% 8.2 1.67 0.56 12.37 2.6 1.7 15.2 0.8 3.3 8.4 215 17.2 19.3 

PW 50% 8.2 2.74 0.79 18.17 3.9 2.8 28.4 0.6 2.7 9.9 335 25.7 31.7 

PW 75% 8.2 3.93 1.1 26.47 5.9 3.7 39.6 0.6 5.2 12.1 480 37.2 45.4 

PW 100% 8.3 4.76 1.28 34.76 7.5 4.1 49.4 0.6 2.2 14.4 580 47.6 52.2 

Legend: WS: water supply; PW: produced water; pH: hydrogen ion concentration; EC: electrical 
conductivity; K+: potassium; Na+: sodium; Ca2+: calcium; Mg2+: magnesium; Cl-: chloride; CO3: carbonate; 
HCO3-: bicarbonate; SAR: sodium adsorption ratio.  
 

The chemical characterization of the water samples was performed according to 

the methods described in APHA (2017). The pH and electrical conductivity (EC) 
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parameters were determined by potentiometry and conductimetry, respectively, using 

properly calibrated equipment. The levels of potassium (Kz), sodium (Naz), calcium 

(Ca²z), and magnesium (Mg²z) were obtained by atomic absorption spectrophotometry 

(AAS) or, when applicable, by flame photometry and complexometric titration with 

EDTA. The chloride (Cl{) concentration was determined by titration with silver nitrate 

(Mohr method), while the bicarbonate (HCO£{) and carbon dioxide (CO¢) contents were 

obtained by acid-base titration with appropriate indicators. The total hardness of the water 

was estimated by the sum of Ca²z and Mg²z ions, expressed in mg/L of CaCO£. The 

sodium adsorption ratio (SAR) was calculated based on the concentrations of Naz, Ca²z, 

and Mg²z, using the formula SAR = Naz / √ [(Ca²z + Mg²z) /2], according to Richards 

(1954). The total values of cations and anions were obtained by the individual sum of the 

respective ions. 
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Table 3. Characterization of metals in samples of produced water, dilutions and water 
supply. 

Parameter  Unit  100% 75% 50% 25% WS Limit 

Al  mg∙L-1 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 10(1) 

Sb  mg∙L-1 < 0.010 <0.010 < 0.010 < 0.010 < 0.010 - 
As  mg∙L-1 0.007451 0.00694 0.004 0.004918 0.003282 0.5(1) 

Ba  mg∙L-1 2.147 1.701 1.158 0.6342 0.04071 5(1) 

B  mg∙L-1 0.5313 0.4407 0.334 0.2346 0.1235 5(1) 

Cd  mg∙L-1 < 0.0005 < 0.0005 < 0.0005 < 0.0005 < 0.0005 0.2(1) 

Pb  mg∙L-1 0.00302 0.001537 0.001 0.001522 < 0.001 0.5(1) 

Co  mg∙L-1 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 0.05(2) 

Cu  mg∙L-1 0.002745 0.002389 0.002 0.00185 0.001412 1.0(1) 

Cr  mg∙L-1 < 0.001 0.001301 0.002 0.003596 0.005124 0.1(1) 

Fe  mg∙L-1 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 15(1) 

Mn  mg∙L-1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 1.0(1) 

Hg  mg∙L-1 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.01(1) 

Mo  mg∙L-1 0.000892 0.000776 0.0008 0.000705 0.000708 0.01(2) 

Ni  mg∙L-1 0.004077 0.03544 0.02109 0.01113 0.001087 2.0(1) 

Ag  mg∙L-1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.1(1) 

Se mg∙L-1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.05(1) 

V  mg∙L-1 < 0.001 0.003226 0.0068 0.01035 < 0.001 0.1(2) 

Zn  mg∙L-1 0.001101 0.001525 0.001793 0.001531 0.001274 5(1) 

Cl- mg∙L-1 2535.49 2045.76 1261.73 535.75 58.21 - 

SO42- mg∙L-1 17.39 36.04 25.67 35.16 17.45 - 

Br- mg∙L-1 17.00 12.98 9.99 9.47 2.53 - 

NO3- mg∙L-1 407.67 21.55 37.72 20.41 4.30 10(1) 

Legend: 100%: Produced Water from petroleum (PW); WS: Water Supply; 75%: Mixture of 75% PW with 
25% WS; 50%: Mixture of 50% PW with 50% WS; 25%: Mixture of 25% PW with 75% WS; Al: 
Aluminum; Sb: Antimony; As: Arsenic; Ba: Barium; B: Boron; Cd: Cadmium; Pb: Lead; Co: Cobalt; Cu: 
Copper; Cr: Chromium; Fe: Iron; Mn: Manganese; Hg: Mercury; Mo: Molybdenum; Ni: Nickel; Ag: Silver; 
Se: Selenium; V: Vanadium; Zn: Zinc; Cl-: Chloride; SO4

2-: Sulfate; Br-:Bromide; and NO3
-: Nitrate. (1)  

Specific parameters for effluent discharge from Annex I of COEMA Resolution No. º 02/2017 (CEARÁ, 
2017). (2) Parameters referring to the presence of metals in irrigation water (National Academy of Sciences, 
1972; Pratt 1972).  
 

 

The metals Al, Ba, B, Cd, Pb, Co, Cu, Cr, Fe, Mn, Mo, Ni, Ag, V, and Zn were 

determined by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry). 

The metals Sb, As, Hg, and Se were quantified by ICP-MS (Mass Spectrometry). For 

validation and complementary analysis of some specific elements, such as Cu, Zn, Cd, 

Pb, Fe, Mn, Ni, and Cr, AAS (Atomic Absorption Spectrophotometry) was also used, 

depending on equipment availability and analytical sensitivity. 

Based on the chemical characteristics of the irrigation water, the CROSS index 

(Cation Ration of Soil Structural Stability) was estimated, according to the methodology 

proposed by Marchuk and Rengasamy (2011) (Equation 1), where C represents the 



125

concentrations in mmolc/L of the cations. The calculation considers the dispersive 

capacities of Na and K (coefficient of 0.56) and flocculants of Ca and Mg (coefficient of 

0.60). 

 �ý�þþ = �þ�+0,56��[���+0,60�ý�2 ]0,5                                                                                                                     (1) 

2.3 Water microbiology 

 

A microbiological serial dilution was performed to analyze the microbial 

community in the PW and water supply (WS) samples. Serial dilution is a technique used 

to reduce the concentration of microorganisms present in a sample, facilitating the 

counting of colony-forming units (CFU) and the characterization of the microbial 

community. In the case of PW, this methodology is essential for assessing the diversity 

and abundance of bacteria and fungi that may be present in the aqueous environment. To 

perform the serial dilutions, test tubes containing 9 mL of autoclaved water were used. 

One mL of the PW sample was transferred to the first tube containing the diluent, 

obtaining a dilution of 10-1. After homogenization, 1 mL of this solution was removed 

and transferred to a second tube with 9 mL of diluent, resulting in a dilution of 10-2. This 

process was repeated to obtain a dilution of 10-3, and the same was done for WS.  

Next, 100 microliters of each serial dilution were transferred to Petri dishes 

containing specific culture media for the growth of microorganisms, such as Nutrient 

Agar (NA) for bacteria and Potato Dextrose Agar (PDA) for fungi. The inoculum is spread 

with the aid of a Drigalski loop, ensuring homogeneous distribution. Subsequently, the 

plates were incubated at 28 °C for 24 to 72 hours. After the incubation period, the colonies 

formed were counted, expressing the results in Colony Forming Units per milliliter of 

sample (CFU mL-1). This methodology allows the estimation of microbial abundance in 

PW, assisting in environmental studies, in the detection of microorganisms that degrade 

organic compounds, and in the monitoring of potential microbiological impacts 

associated with the use of PW. 
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2.4 Soil characterization 

 

Tables 4 and 5 present the chemical analysis of the soil and metal analysis, 

respectively, before the application of the treatments. Soil samples for metal analysis were 

collected according to the recommendations of COEMA Resolution No. º 02/2017.  

 

Table 4. Characterization of the physical-chemical and chemical properties of the initial 
soil used in the experiment. 

pH EC OM P K+ Na+ Ca²z Mg²z Al³+ SB t CEC BS AS ESP 

H2O dS m-1 g/kg -------mg/dm3------- -------------cmolc /dm3 ------------ -----%----- 

7.4 0.14 6.69 41.5 105.8 11.4 2.7 0.8 0 3.82 3.82 3.82 100 0 1 

Legend: pH: hydrogen ion potential; EC: electrical conductivity; OM: organic matter; P: phosphorus; K+: 
potassium; Na+: sodium; Ca2+: calcium; Mg2+: magnesium; Al3+: aluminum; exchangeable acidity; SB: sum 
of bases; CEC: cation exchange capacity; BS: base saturation; AS: aluminum saturation; ESP: exchangeable 
sodium percentage.  

 

 

Table 5. Metal and anion contents of the initial soil used in the experiment. 
Sample 

Al Sb As Ba B CD Pb Co Cu Cr 
mg/kg-1   

Soil 3845 0.01 0.01 7.35 4.76 0.45 4.65 2.19 2.17 5.18 

Limit (1) - 2 15 150 1.7 1.3 72 25 60 75 

Sample 
Fe Mn Hg Mo Ni Ag Se V Zn  

mg/kg-1   

Soil 2668 138.6 0.0001 0.24 2.10 0.01 0.01 5.62 11.43  

Limit (1) - - 0.5 30 30 2 5 1.7 300  

Legend: Al: Aluminum; Sb: Antimony; As: Arsenic; Ba: Barium; B: Boron; Cd: Cadmium; Pb: Lead; Co: 
Cobalt; Cu: Copper; Cr: Chromium; Fe: Iron; Mn: Manganese; Hg: Mercury; Mo: Molybdenum; Ni: 
Nickel; Ag: Silver; Se: Selenium; V: Vanadium; and Zn: Zinc. (1) Specific parameters for soil saturation 
limits from COEMA Resolution No. º 02/2017 (CEARÁ, 2017).  

2.5 Experimental conductio s with species of energy interest 
 

Forage crops of the species Sorghum bicolor (L.) Moench (sorghum) variety IPA 

SF15 and Pennisetum purpureum (elephant grass) (variety BRS Capiaçu) and oilseed 

Gossypium hirsutum L. (cotton) were cultivated, comprising three distinct experiments. 

The crops were irrigated using WS, supplied by the Rio Grande do Norte Water and 

Sewage Company (CAERN), and PW treated by the company that supplied it. 

In each experiment, the experimental design adopted was randomized blocks 

(DBC), consisting of five treatments, each with five replicates. The treatments were 100% 
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WS (only tap water); 25% (25% PW + 75% WS); 50% (50% PW + 50% WS); 75% (75% 

PW + 25% WS); and 100% (only PW).   

Polyvinyl chloride (PVC) columns 100 mm in diameter and 60 cm in height were 

filled with soil and foundation fertilization with 2 grams (g) MAP (monoammonium 

phosphate) per plant. The columns were irrigated with WS prior to sowing to aid in 

fertilizer dilution. Elephant grass was sown from culms, and sorghum and cotton from 

seeds. Subsequently, the plants received top dressing with potassium chloride (0.5 g) and 

urea (0.5 g). Irrigation was performed daily or as needed by the crops. The experiments 

were conducted for 90 days. 

2.6 Soil quality assessment 

After the experimental development, chemical analyses of the soil were 

performed to evaluate the effects of irrigation with PW dilutions. Samples were collected 

at depths of 0-30 cm and 30-60 cm, and the conventional chemical attributes of the soil 

were determined. The heavy metal contents were also quantified at the same depths. In 

addition to the predictive CROSS calculation based on water and soil cations, the 

diagnostic CROSS was also performed after the experiment, considering soil cations 

(Equation 1). 

2.7 Morphological analyses of plants  

Plant height and dry mass were used as parameters for evaluating plant growth, 

allowing the analysis of crop response to experimental conditions. Dry mass was used as 

an indicator of accumulated biomass. Plant height (cm) was determined by measuring the 

distance from the soil surface to the upper end of the main stem using a tape measure. 

Stem diameter (cm) was measured 3 cm above the soil using a digital caliper. After 

collection, the plants were divided into leaves, stems, and roots and dried in an oven at 

65 °C until they reached a constant weight.   

2.8 Statistical analysis of data  

Statistical analyses were performed using RStudio software. The data from each 

experiment were submitted to analysis of variance (ANOVA) to verify the significance of 

the effect of the applied doses. When significance was observed by the F test (p < 0.05), 

the means of the treatments were compared by Tukey's test at a 5% probability level.  
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3. RESULTS AND DISCUSSION 

3.1 Microbiology of produced water and water supply 

Figure 1 shows the microbiological analysis of Colony Forming Units (CFU) in 

samples of produced water in NA culture medium with total bacterial colonies (A), spore-

forming bacteria (B), and PDA medium for fungi (C). 

Figure 13. Microbiological analysis of Colony Forming Units in samples of produced 
water and water supply in culture media. 
 

 

Water supply samples in NA culture medium with total bacterial colonies (D), 

spore-forming bacteria (E) in PDA medium for fungi (F) show that, in microbiological 

terms, WS does not present visual differences in relation to PW in terms of the number of 

colonies. Therefore, according to the colony-forming unit test, PW was not inferior to WS 

in terms of the morphotype and number of microorganism colonies. 

3.2 Effects of irrigation with produced water on the soil 

3.2.1 Evaluation of cultivation system conditions based on the CROSS index 
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The structural risk analysis of the soil associated with irrigation with produced 

water dilutions was performed based on the Cationic Ratio of Structural Stability 

(CROSS) index, a relevant parameter for estimating the dispersion potential of soil 

particles and their physical stability. CROSS differs from other indices in that it considers 

not only the dispersive effect of sodium, but also that of potassium, and assigns different 

weights to the flocculating effects of calcium and magnesium (Drechsel et al., 2023). 

CROSS values ranged from 4.90 in the WS treatment to 15.90 in the 100% PW 

treatment (Figure 2), with a progressive increase as the proportion of PW increased. 

Despite the greater dispersive potential of water with a higher proportion of PW, the 

effective structural risk is mitigated by the physical characteristics of the soil used in the 

experiment, a Quartzarenic Neosol/Arenosol, with a sandy texture, 90% sand, and 8% 

clay.  

Figure 14. CROSS (Cationic Ratio of Structural Stability) index values for irrigation 
water and soil before the start of cultivation. 

Soils with this low clay content are less dependent on colloidal interactions to 

maintain their physical structure, which reduces their susceptibility to dispersion and 

surface sealing. In these cases, the main risk associated with saline water is not the 

degradation of the physical structure of the soil, but sodification, increased electrical 

conductivity, ionic toxicity, and nutritional imbalance, which can compromise crop 

development.  
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3.2.2 Sorghum (Sorghum bicolor (L.) Moench) 

Soil fertility attributes are shown in Table 6, where the analyses are distributed in 

two soil layers, 0-30 cm and 30-60 cm, used in the sorghum experiments. Some values 

exceed the limits established by current legislation, COEMA No. º 02/2017. 

 

Table 6. Characterization of the physical-chemical and chemical properties of the soil for 
sorghum cultivation after application of treatments with different waters at depths of 0-
30 cm and 30-60 cm. 

Legend: WS: water supply; pH: hydrogen ion potential; EC: electrical conductivity; OM: organic matter; P: 
phosphorus; K+: potassium; Na+: sodium; Ca2+: calcium; Mg2+: magnesium; H +Al: potential acidity; SB: 
sum of bases; CEC: cation exchange capacity; ESP: exchangeable sodium percentage. (1) Specific parameters 
for soil saturation limits from Annex II of COEMA Resolution No. º 02/2017 (CEARÁ, 2017); (2) Reference 
values for metals obtained in the topsoil layer (0-20 cm) before treatment application. 

 

The pH values in the reference soil (soil before treatment application) indicated 

low alkalinity (7.4), according to the standards for the state of Ceará (Souza et al., 2015). 

After treatments with PW (25%, 50%, 75%, and 100%) and WS, it was observed that 

none of the treatments had an increase in pH, remaining in ranges classified as low acidity 

(6.0 to 6.9) and, in some cases, low alkalinity (7.1 to 7.4). In the study by Rodrigues et 

al. (2019a), who grew corn with saline water, no changes in soil pH were identified either.  

After applying the PW treatments, the potassium (K+) levels in the soil cultivated 

with sorghum decreased in relation to the initial reference value (105.8 mg/dm³), even in 

treatments with high PW concentrations, such as 100% (83.59 mg/dm³ at 0330 cm). 

Sorghum is a crop that is highly demanding in K+, especially under saline stress, using 

Treatment pH EC OM P Kz Naz Ca²z Mg²z H + Al SB CEC ESP 

 H2 O dS m-1 g/kg ----------- mg/dm-3  -------- ----------- cmolc/dm-3  ------------ % 

WS 0-30 7.14 0.59 18.77 104.27 30.97 114.10 1.96 0.80 0.00 3.34 3.34 14.9 

WS 30-30 7.30 0.54 - 73.44 36.93 98.03 1.70 1.01 0.00 3.23 3.23 13.2 

25% 0-30 7.18 1.08 15.29 104.9 27.35 189.39 1.81 1.29 0.00 3.99 3.99 20.6 

25% 30-60 7.23 2.60 - 80.36 27.99 287.44 1.88 0.71 0.00 3.91 3.91 32.0 

50% 0-30 6.90 2.32 18.41 109.94 38.91 191.43 1.96 1.14 1.72 4.03 5.75 14.5 

50% 30-60 6.23 4.00 - 85.39 39.91 466.48 1.76 1.13 1.63 5.02 6.65 30.5 

75% 0-30 6.89 2.11 18.76 118.12 56.78 217.15 2.08 1.13 2.13 4.29 6.42 14.7 

75% 30-60 6.13 4.06 - 85.39 37.92 194.97 1.78 0.88 2.44 3.60 6.04 14.0 

100% 0-30 6.94 3.84 17.72 152.1 83.59 267.36 2.63 0.91 2.03 4.91 6.94 16.8 

100% 30-60 6.20 2.81 - 102.39 50.83 275.43 1.63 1.21 2.34 4.17 6.51 18.4 

Limit (1)  < 4(1)          < 7.0 

Reference (2) 7.4 0.14 6.69 41.5 105.8 11.4 2.7 0.8  3.82 3.82 1 
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this nutrient in osmotic regulation and in maintaining cell turgidity (Santos, 2013). Even 

in the WS treatment, there was a reduction in Kz to 30.97336.93 mg/dm³, suggesting that 

absorption by the crop contributed to the decrease in the nutrient. 

Phosphorus (P) increased in all treatments due to fertilization with 

monoammonium phosphate (MAP), with higher values predominantly found in the 0-30 

cm layer. There was a significant increase in sodium (Naz) levels in the soil in all 

treatments as the use of produced water in irrigation intensified. The values rose from 

114.10 mg/dm³ (WS, 0-30 cm) to 466.48 mg/dm³ (50% PW, 30-60 cm). This increase is 

attributed to the high salt load of the produced water and low absorption by plants. 

Irrigation systems using Naz rich effluents can pose risks of soil structure degradation and 

decreased permeability, requiring continuous monitoring of water quality (Jalali et al., 

2008; Minhas et al., 2021). 

The intense ionic dynamics in the soil, evidenced by the significant increase in 

sodium levels and the variation of other elements, reinforces the integrated need for soil 

condition after irrigation with different waters. To this end, the CROSS indices of the 

post-crop soil and the classification of salinity and sodicity according to Richards (1954), 

which is based on EC, ESP, and pH, were analyzed (Figure 3). Soils are considered normal 

when EC is less than 4 dS m-1, ESP is less than 15%, and pH is less than 8.5; saline when 

EC is equal to or greater than 4 dS m-1, ESP is less than 15%, and pH is less than 8.5; 

sodic when the EC is less than 4 dS m{¹, the ESP is greater than or equal to 15%, and the 

pH is greater than or equal to 8.5; and saline-sodic when the EC is equal to or greater than 

4 dS m{¹, the ESP is greater than or equal to 15%, and the pH is less than 8.5. 

As discussed earlier, the soil had a low initial CROSS (0.13), indicating structural 

stability, while irrigation water had an increasing CROSS from 4.90 to 15.90. The soil 

CROSS index values increased after sorghum cultivation (Figure 3A), reaching 3.22 in 

the treatment with 100% PW in the 0-30 cm layer and 5.98 in the treatment with 50% PW 

in the 30-60 cm layer. Although they did not reach the CROSS values of irrigation water, 

the increase in values shows that the cationic composition of the water influenced the 

balance in the soil exchange complex. 
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Figure 15. Evaluation of the impact of irrigation with produced water dilutions on the 
soil after 90 days of sorghum cultivation. 

Legend: (A) CROSS values of irrigation water and soil in the 0-30 cm and 30-60 cm layers. (B) Soil 
classification for salinity and sodification based on Richards criteria (1954) for the 0-30 cm and 30-60 cm 
layers. 
 

In the surface layer (0-30 cm), soil classification showed no salinity or sodicity 

problems in any of the treatments, all of which were classified as normal. In the 

subsurface layer (30-60 cm), the 50% and 75% treatments were classified as saline-sodic 

and sodic, respectively (Figure 3 B). Saline soils can return to normal through the 

establishment of good drainage, while saline-sodic soils result from combined processes 

of salinization and sodification and require more complex management.  

Saline-sodic soils are more challenging to recover than saline soils because, in 

addition to the accumulation of soluble salts, they have high exchangeable sodium 

saturation (ESS), which disperses soil colloids, impairs structure, reduces infiltration, and 

hinders plant growth (Song et al., 2020). Practices such as gypsum application, use of 

organic matter, plant cover, EC and ESP monitoring, and pH correction are considered 

alternative management strategies for saline-sodic soils (Ferreira et al., 2019). 
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The saline-sodic classification of 50% PW is corroborated by the CROSS index, 

which presented the highest value among the treatments analyzed. This convergence 

between CROSS and the EC/ESP/pH classification reinforces the understanding that, in 

this deeper layer, the soil is impacted by simultaneous processes of salinity and sodicity. 

The environmental quality of the system was also assessed based on the heavy 

metal content present in the soil after cultivation. The elements antimony (Sb), silver 

(Ag), selenium (Se), arsenic (As), and mercury (Hg) presented concentrations above the 

reference values in all treatments (Table 7), but below the legal limits defined by state 

legislation, COEMA Resolution No. º 02/2017. The highest levels of barium (Ba) were 

observed in the 0-30 cm layer in the 50% and 100% treatments, although all values 

remained below the limit of 150 mg/kg. Regarding boron (B), the levels exceeded the 

legal limit of 1.7 mg/kg in all treatments, including WS, suggesting natural accumulation 

or accumulation resulting from irrigation. 
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Table 7. Metal levels in the soil in the 0-30 cm and 30-60 cm layers for sorghum 
cultivation. 

Treatment Al Sb As Ba B Cd Pb Co Cu Cr 
mg∙kg-1 

WS 0-30  2852 0.02 0.33 8.31 3.67 0.17 4.84 2.25 2.38 5.28 

WS 30-60  3268 0.02 0.01 4.81 3.14 0.51 4.91 2.08 3.76 3.99 

25% 0-30  3736 0.02 0.27 8.71 6.96 0.21 4.60 2.52 3.48 5.72 

25% 30-60  3510 0.02 0.17 5.46 4.86 0.34 3.65 2.30 2.81 5.48 

50% 0-30  3788 0.03 0.21 9.71 4.69 0.19 3.78 2.28 3.21 7.18 

50% 30-60  2953 0.02 0.36 5.44 3.86 0.18 3.02 2.15 2.64 5.16 

75% 0-30  3535 0.02 0.17 0.80 0.48 0.18 4.82 2.42 3.03 2.97 

75% 30-60  4088 0.02 0.01 5.75 4.42 0.45 5.59 2.39 4.37 5.50 

100% 0-30 3491 0.02 0.21 11.27 4.80 0.22 5.23 2.35 3.71 6.63 

100% 30-60 2526 0.02 0.01 4.39 6.12 0.55 5.12 1.77 4.15 5.31 

Limit (1) - 2 15 150 1.7 1.3 72 25 60 75 

Reference (2) 3845 0.01 0.01 7.35 4.76 0.45 4.65 2.19 2.17 5.18 

 

Treatment 
Fe Mn Hg Mo Ni Ag Se V Zn  

mg∙kg-1  

WS 0-30 2492 207.2 0.00025 0.29 3.01 0.02 0.02 6.0 12.8  

WS 30-60 2157 179.7 0.00024 0.19 3.05 0.02 0.02 2.91 10.21  

25% 0-30 2770 225.8 0.00024 0.24 4.17 0.02 0.02 6.4 12.7  

25% 30-60  2690 193.4 0.00023 0.45 3.57 0.02 0.02 5.9 13.1  

50% 0-30  2735 211.4 0.00025 0.27 3.72 0.03 0.03 6.5 14.5  

50% 30-60  2530 198.1 0.00025 0.26 2.23 0.02 0.02 5.8 10.5  

75% 0-30  2427 191.2 0.00024 0.37 3.00 0.02 0.02 6.6 14.4  

75% 30-60  2719 195.8 0.00025 0.21 3.26 0.02 0.02 5.47 10.41  

100% 0-30  2670 206.6 0.00024 0.25 4.40 0.02 0.02 6.2 14.0  

100% 30-60  2216 151.4 0.00024 0.14 2.52 0.02 0.02 4.25 8.14  

Limit (1) - - 0.5 30 30 2 5 1.7 300  

Reference (2) 2668 138.6 0.0001 0.24 2.10 0.01 0.01 5.62 11.43  

Legend: WS: Water supply; 100: Produced water (PW); 25: 25% PW + 75% WS; 50: 50% PW + 50% WS; 
75: 75% PW + 25% WS; Al: Aluminum; Sb: Antimony; As: Arsenic; Ba: Barium; B: Boron; Cd: Cadmium; 
Pb: Lead; Co: Cobalt; Cu: Copper; Cr: Chromium; Fe: Iron; Mn: Manganese; Hg: Mercury; Mo: 
Molybdenum; Ni: Nickel; Ag: Silver; Se: Selenium; V: Vanadium; Zn: Zinc. (1) Specific parameters for soil 
saturation limits from Annex II of COEMA Resolution No. º 02/2017 (CEARÁ, 2017); (2) Reference values 
for metals obtained in the topsoil layer (0-20 cm) before treatment application. 
 

The increases in boron (B) levels were more significant in the surface layers, 

especially in treatments up to 50% PW, but above the limits in all treatments applied. This 

trend was also reported by Kondash et al. (2020), who pointed out the accumulation of 

salts and boron on the soil surface as an expected effect of continuous wastewater 

application, especially in soils with medium texture and low drainage capacity. 

The metals cadmium (Cd), lead (Pb), cobalt (Co), copper (Cu), chromium (Cr), 

molybdenum (Mo), nickel (Ni), and zinc (Zn) presented concentrations below the limits 

established in COEMA Resolution No. º 02/2017 for all treatments, indicating a low risk 

of contamination by these elements. Vanadium (V) presented levels above the standard 
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of 1.7 mg/kg of the Resolution limit. For arsenic (As), the analysis revealed leaching from 

the 0-30 cm surface layer to the 30-60 cm layer in the 50% treatment. Considering the 

variability of metals and their relationship with the treatments, the results indicate that 

irrigation with treated PW, under conditions similar to those of the experiment, did not 

promote soil contamination.  

3.2.3 Elephant grass (Pennisetum purpureum) 

Soil fertility and metal attributes were analyzed in the 0-30 cm and 30-60 cm 

layers of the samples used in the elephant grass experiments, as shown in Table 8. The 

pH value in the reference soil indicates low alkalinity (7.4), while the representativeness 

of the treatments with PW also reached ranges from low acidity (6.0 to 6.9) to medium 

alkalinity (7.5 to 7.9), according to the classification criteria for the state of Ceará (Souza 

et al., 2015). 

In elephant grass cultivation, Kz levels were also reduced, ranging from 24.02 to 

45.86 mg/dm³, compared to the initial reference value (105.8 mg/dm³). Elephant grass, 

being a forage species with high productivity and biomass accumulation, has a high 

demand for potassium to support physiological processes such as cell growth, 

photoassimilate transport, and osmotic control. H + Al representations were above zero 

in treatments starting at 50%. SB and CEC increased in all treatments with PW. 
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Table 8. Characterization of the physical-chemical and chemical properties of the soil for 
elephant grass cultivation after application of treatments with different waters at depths 
of 0-30 cm and 30-60 cm. 

Treatment 
pH EC OM P Kz Naz Ca²z Mg²z H + Al SB CEC ESP 

H¢O dS m-1 g/kg ------mg/dm³------ ------------------cmolc/dm³-------------    % 

WS 0-30 7.29 0.92 16.33 81.62 45.86 118.12 1.8 1.26 0.00 3.69 3.69 13.92 

WS 30-60 7.12 1.02 - 111.83 39.91 129.16 1.74 1.33 0.00 3.73 3.73 15.06 

25% 0-30 7.54 1.94 10.77 75.32 32.96 182.39 2.39 1.03 0.00 4.29 4.29 18.48 

25% 30-60 7.03 4.44 - 90.43 36.93 396.09 2.08 1.05 0.00 4.94 4.94 34.86 

50% 0-30 6.24 5.63 11.46 82.25 27.99 588.70 2.05 0.78 2.44 5.46 7.90 32.40 

50% 30-60 7.14 3.03 - 133.22 39.91 327.61 2.74 0.59 0.00 4.85 4.85 29.37 

75% 0-30 6.56 4.93 11.12 130.71 29.98 387.86 1.84 0.98 3.30 4.58 7.88 21.40 

75% 30-60 6.67 8.07 - 87.91 24.02 618.83 2.11 0.85 1.90 5.72 7.61 35.36 

100% 0-30 6.7 4.17 11.46 149.58 39.91 417.99 2.55 0.94 2.16 5.41 7.57 24.01 

100% 30-60 6.04 6.17 - 82.25 37.92 709.21 2.39 0.58 0.00 6.14 6.14 50.22 

Limit (1)  < 4(1)          < 7.0 

Reference (2) 7.4 0.14 6.69 41.5 105.8 11.4 2.7 0.8  3.82 3.82 1 

Legend: WS: water supply; pH: hydrogen ion potential; EC: electrical conductivity; OM: organic matter; P: 
phosphorus; K+: potassium; Na+: sodium; Ca2+: calcium; Mg2+: magnesium; H +Al: potential acidity; SB: 
sum of bases; CEC: cation exchange capacity; ESP: exchangeable sodium percentage. (1) Specific parameters 
for soil saturation limits from Annex II of COEMA Resolution No. º 02/2017 (CEARÁ, 2017); (2) Reference 
values for metals obtained in the topsoil layer (0-20 cm) before treatment application. 

 

The presence of essential nutrients in adequate concentrations and the good 

performance of elephant grass under these conditions reinforce its potential as a viable 

energy crop in areas with water restrictions, contributing to the rational use of effluents 

and the diversification of plant biomass sources. 

The EC was higher in the treated PW treatments, reflecting the higher salt input. 

Values above the limit of 4.0 dS m-1 were observed in the 0-30 cm and 30-60 cm layers 

of the 75% and 100% treatments, as well as 50% (0-30 cm) and 25% (30-60 cm). Lucena 

and Amaral (2015) point out that elephant grass requires values below 1.4 dS m{¹ on the 

soil surface, but can accept values of around 5.0 dS m{¹.  

There was salt accumulation at greater depths with the full use of PW in the 25%, 

75%, and 100% treatments. This behavior may be related to the leaching of soluble salts 

or the greater mobility of certain ions in the soil profile, which is a factor to be monitored 

through continuous applications.  

High salinity can negatively affect plant growth, especially less tolerant species 

(Song et al., 2020). However, elephant grass has shown good performance in 

environments with moderate salinity, as reported by Santos et al. (2019), which justifies 

its choice as a bioenergy crop adapted to marginal conditions. The combination of 
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irrigation with diluted PW and the use of adapted species, such as elephant grass, 

reinforces the potential for effluent reuse in areas of low agricultural suitability. 

The CROSS index analysis and classification regarding salinity and sodicity were 

also performed for the soil cultivated with elephant grass. The CROSS of the WS 

treatment remained similar to that observed for sorghum, being 1.62 in the 0-30 cm layer 

and 1.74 in the 30-60 cm layer. In the 25%, 75%, and 100% treatments, the subsurface 

layer showed a significant increase in CROSS values compared to the surface layer 

(Figure 4A), from 2.17 to 4.82, from 4.97 to 7.53, and from 4.75 to 8.48, respectively, 

indicating the leaching of salts, particularly sodium. 

 

 

Figure 16. Evaluation of the impact of irrigation with produced water dilutions on the 
soil after 90 days of elephant grass cultivation.  

Legend: (A) CROSS values of irrigation water and soil in the 0-30 cm and 30-60 cm layers. (B) Soil 
classification for salinity and sodification based on Richards criteria (1954) for the 0-30 cm and 30-60 cm 
layers. 
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The 50% treatment showed distinct behavior, with a higher CROSS value in the 

surface layer. The same pattern was observed in the classification regarding salt 

accumulation, in which the soil was classified as saline-sodic in the 0-30 cm layer and 

normal in the 30-60 cm layer (Figure 4B), indicating sodium retention and high salinity 

on the surface. Irrigation with 75% and 100% PW affected the entire soil profile, making 

it saline-sodic, with high amounts of salts and exchangeable sodium. 

Even with the soil under chemical stress, physical aspects such as infiltration and 

aeration may not be immediately compromised, considering the low proportion of clay. 

The implementation of continuous management practices for the removal and control of 

excess salts and sodium is necessary to maintain soil quality in the long term. These 

practices include incorporating substances into the soil that favor calcium solubilization, 

enabling the replacement of exchangeable sodium with calcium in the cation exchange 

complex (Bello et al., 2021). 

Table 9 shows the metal contents in the 0-30 cm and 30-60 cm layers of soil used 

in the elephant grass experiments. Metals such as Cd, Pb, Co, Cu, Cr, Mo, Ni, and Zn 

were found in concentrations within legal limits. However, Cr stands out, whose content 

in the 0-30 cm layer in 100% was much higher than the reference value, although below 

the legal limit. Pb contents above the reference value were observed in 25% in 0-30 cm 

and 75% in 30-60 cm, but remaining below the limit of 72 mg/kg{¹. The higher 

concentration of Mn in the deeper layers, especially at 100%, indicates probable leaching, 

a behavior that has also been reported by Dube et al. (2022) in soils irrigated with 

wastewater rich in soluble salts. 
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Table 9. Metal levels in the soil in the 0-30 cm and 30-60 cm layers for elephant grass 
cultivation. 

Treatment 
Al Sb As Ba B Cd Pb Co Cu Cr 

mg/kg-1   

WS 0-30  2469 0.02 0.07 1.25 0.61 0.38 5.81 0.31 3.68 0.70 

WS 30-60  2949 0.02 0.01 5.83 3.91 0.89 5.53 2.06 3.53 4.61 

25% 0-30  2539 0.02 0.01 5.26 3.79 2.31 15.46 1.81 12.27 3.96 

25% 30-60  * * * * * * * * * * 

50% 0-30  * * * * * * * * * * 

50% 30-60  * * * * * * * * * * 

75% 0-30  2711 0.02 0.01 6.31 2.76 0.99 6.13 1.70 4.84 4.11 

75% 30-60  3352 0.02 0.01 5.34 5.55 0.61 10.96 1.98 9.17 4.03 

100% 0-30 3321 0.02 0.62 10.43 9.42 0.26 3.88 3.04 3.09 36.93 

100% 30-60 3301 0.02 0.27 6.18 4.82 0.22 3.82 2.48 2.91 5.78 

Limit (1) - 2 15 150 1.7 1.3 72 25 60 75 

Reference (2) 3845 0.01 0.01 7.35 4.76 0.45 4.65 2.19 2.17 5.18 

Treatment 
Fe Mn Hg Mo Ni Ag Se V Zn  

mg/kg-1   

WS 0-30 354 28.3 0.00025 0.02 0.44 0.02 0.02 0.39 2.65  

WS 30-60 2194 171.0 0.00024 0.13 2.88 0.02 0.02 2.91 10.03  

25% 0-30 2173 156.2 0.00024 0.13 2.37 0.02 0.02 4.12 7.86  

25% 30-60  * * * * * * * * *  

50% 0-30  * * * * * * * * *  

50% 30-60  * * * * * * * * *  

75% 0-30  1761 148.6 0.00025 0.11 2.39 0.02 0.02 2.39 7.93  

75% 30-60  2013 177.9 0.00025 0.17 2.94 0.02 0.02 2.56 10.11  

100% 0-30  3696 226.0 0.00025 0.41 4.64 0.02 0.02 9.3 11.5  

100% 30-60  2792 241.2 0.00025 0.32 3.48 0.02 0.02 6.7 12.8  

Limit (1) - - 0.5 30 30 2 5 1.7 300  

Reference (2) 2668 138.6 0.0001 0.24 2.10 0.01 0.01 5.62 11.43  

Legend: WS: Water supply; 100: Produced water (PW); 25: 25% PW + 75% WS; 50: 50% PW + 50% WS; 
75: 75% PW + 25% WS; Al: Aluminum; Sb: Antimony; As: Arsenic; Ba: Barium; B: Boron; Cd: Cadmium; 
Pb: Lead; Co: Cobalt; Cu: Copper; Cr: Chromium; Fe: Iron; Mn: Manganese; Hg: Mercury; Mo: 
Molybdenum; Ni: Nickel; Ag: Silver; Se: Selenium; V: Vanadium; Zn: Zinc. (1) Specific parameters for soil 
saturation limits from Annex II of COEMA Resolution No. º 02/2017 (CEARÁ, 2017); (2) Reference values 
for metals obtained in the topsoil layer (0-20 cm) before treatment application. 
 

The metals Sb, Ag, and Se presented values slightly higher than the references in 

WS, 75%, and 100%, but within legal limits. Ba did not exceed the limit of 150 mg/kg{¹ 

in any treatment, although the values at 75% and 100% (0-30 cm) were higher than the 

references. The element B exceeded the COEMA Resolution standard of 1.7 mg/kg{¹ in 

these treatments, especially in the surface layer. Elephant grass, however, has been 

described as a species with medium tolerance to this element, which may explain the 

absence of visual symptoms of toxicity during the experiment. The opposite result was 

reported by Bañuelos et al. (2005) studying different plant species, where elephant grass 
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was the only one that showed visual symptoms such as necrosis at the leaf margins in 

response to B toxicity already present in the soil. 

Finally, V exceeded the standard of 1.7 mg/kg{¹ of COEMA Resolution No. º 

02/2017, but presented lower values up to a concentration of 75% PW, in relation to the 

soil before treatment. Its highest expression occurred in the 100% treatment. Mn leaching 

from 0-30 cm to 30-60 cm was also observed in the treatments, with greater accumulation 

at 100%, indicating vertical mobility of this element in the soil profile. In general, the 

results indicate that, under the experimental conditions adopted, the use of PW did not 

promote critical accumulation of heavy metals in the soil when compared to the value of 

these metals in the initial soil. The presence of some elements at high levels reinforces 

the importance of proper management and periodic control of soil quality. 

3.2.4 Cotton (Gossypium hirsutum L.) 

The analysis of soil chemical elements in the cotton experiment is shown in Table 

10. The pH values of the soils cultivated and irrigated with PW were classified as medium 

acidity (5.1 to 5.9), low acidity (6.0 to 6.9), low alkalinity (7.1 to 7.4), and, in some cases, 

medium alkalinity (7.5 to 7.9). 

 

Table 10. Characterization of the physical-chemical and chemical properties of the soil 
for cotton cultivation after application of treatments with different waters at depths of 0-
30 cm and 30-60 cm. 

Treatment 
pH EC OM P Kz Naz Ca²z Mg²z H + Al SB CEC ESP 

H¢O dS m-1
 g/kg --------mg/dm³ ---------- --------------cmolc/dm³---------------- % 

WS 0-30 7.75 1.02 15.98 69.13 82.60 133.18 2.09 0.62 0.00 3.50 3.50 16.54 

WS 30-60 7.49 1.51 - 70.29 82.60 174.35 1.71 1.20 0.00 3.88 3.88 19.54 

25% 0-30 7.47 0.64 9.73 99.87 78.63 139.21 3.00 0.06 0.00 3.87 3.87 15.64 

25% 30-60 7.16 4.33 - 77.21 118.34 426.26 1.45 1.13 0.00 4.73 4.73 39.18 

50% 0-30 6.81 3.63 13.72 67.14 91.53 396.09 1.88 0.73 1.75 4.56 6.31 27.29 

50% 30-60 6.66 3.73 - 96.09 106.43 285.47 2.25 1.21 1.96 4.98 6.94 17.88 

75% 0-30 7.28 3.14 9.03 152.73 102.46 287.44 3.44 0.80 0.00 5.46 5.46 22.89 

75% 30-60 5.96 8.99 - 152.73 137.20 848.60 1.44 1.45 2.41 6.93 9.34 39.50 

100% 0-30 7.51 3.08 12.85 159.65 117.35 317.57 3.61 0.19 0.00 5.48 5.48 25.20 

100% 30-60 6.04 7.04 - 86.65 98.48 468.20 1.46 1.38 2.87 5.13 8.00 25.45 

Limit (1)  < 4(1)          < 7.0 

Reference (2) 7.4 0.14 6.69 41.5 105.8 11.4 2.7 0.8  3.82 3.82 1 

Legend: WS: water supply; pH: hydrogen ion potential; EC: electrical conductivity; OM: organic matter; P: 
phosphorus; K+: potassium; Na+: sodium; Ca2+: calcium; Mg2+: magnesium; H +Al: potential acidity; SB: 
sum of bases; CEC: cation exchange capacity; ESP: exchangeable sodium percentage. (1) Specific parameters 
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for soil saturation limits from Annex II of COEMA Resolution No. º 02/2017 (CEARÁ, 2017); (2) Reference 
values for metals obtained in the topsoil layer (0-20 cm) before treatment application. 

 

Kz levels ranged from 78.63 to 137.20 mg/dm³ after treatment, with most values 

also below the initial standard of 105.8 mg/dm³. In some dilutions, such as in the 75% 

PW treatment (137.20 mg/dm³ at 30-60 cm), a localized increase was observed, possibly 

related to the vertical redistribution of the nutrient. However, the general trend indicates 

a reduction in Kz, especially at depth, associated with both sodium-induced leaching and 

absorption by the crop, which has significant nutritional demands during fiber yield and 

quality (Oosterhuis; Loka; Raper, 2013). In the 25%, 50%, and 100% treatments, Kz 

levels were also higher than the reference value.  

The levels of phosphorus (P), potassium (Kz), calcium (Ca²z), and magnesium 

(Mg²z) increased in most treatments, as a result of supplemental fertilization and the 

composition of the water used. Sousa et al. (2016) highlight that PW, when properly 

treated, can act as an additional source of nutrients. SB and CEC increased in all 

treatments compared to the reference soil. 

The sharp increase in sodium (Naz) levels, especially in the deeper layers, is 

directly related to the high concentration of this ion in the PW used for irrigation. As a 

by-product of oil extraction, this water has high salt levels, with Naz being one of the 

main constituents. Unlike other cations such as potassium and calcium, sodium has low 

absorption by plants, which favors its accumulation in the soil solution. In addition, in 

soils with limited drainage or under continuous irrigation, there is a tendency for nutrient 

leaching and Naz retention, increasing the percentage of exchangeable sodium (ESP). 

The ESP also increased in all treatments, reflecting the supply of Naz via 

irrigation, which also increased, contributing to the increase in the percentage of 

exchangeable sodium. The ESP showed varied classification, mainly in treatments with 

PW. The increase in ESP is a recurring concern in systems irrigated with wastewater with 

a high sodium adsorption ratio (SAR), as it can affect soil structure, reducing its 

permeability and causing increased salinity and sodicity, as described by Wang et al. 

(2024) and Wu et al. (2022). Continuous monitoring of this parameter is essential to 

prevent physical degradation of the soil, especially in perennial or long-cycle crops.  

The EC was higher at a depth of 30-60 cm, reflecting salt leaching, especially in 

treatments with PW. The values at 25%, 75%, and 100% in the 30-60 cm layer exceeded 

the limit of 4.0 dS m{¹ established by Souza et al. (2015). The increase in electrical 
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conductivity of soil irrigated with PW, especially in treatments with higher 

concentrations, is consistent with the behavior reported in studies evaluating the use of 

treated saline effluents in agriculture. Guo et al. (2023) observed that the use of water 

with high salt content promotes gradual salinity accumulation, which can compromise 

soil structure and nutrient absorption in the long term. The progressive increase in salinity 

reinforces the importance of continuous monitoring and the adoption of strategies that 

minimize the effects of sodium and other salts on soil structure and fertility, especially in 

sensitive crops such as cotton.  

The CROSS index also showed higher values in the 30-60 cm layer, with the 

exception of the 50% PW treatment, similar to the behavior observed in elephant grass 

cultivation. There was a significant increase in the treatment with 75% PW (Figure 5A). 

However, no linear or increasing pattern was observed between treatments, indicating th 

ly the dynamics of cations may have been influenced by additional factors, such as 

selective absorption by the plant and the differentiated mobility of ions. 

The classification regarding salinity and sodicity (Figure 5B) showed that the soils 

remained classified as normal in the 0-30 cm layer in all treatments, while the 30-60 cm 

layer showed greater impairment. The 25%, 75%, and 100% PW treatments were 

classified as saline-sodic on the surface, evidencing the accumulation of exchangeable 

sodium at this depth. 
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Figure 17. Assessment of the impact of irrigation with produced water dilutions on the 
soil after 90 days of cotton cultivation. 

 

Legend: (A) CROSS values of irrigation water and soil in the 0-30 cm and 30-60 cm layers. (B) Soil 
classification for salinity and sodification based on Richards criteria (1954) for the 0-30 cm and 30-60 cm 
layers. 

 

Analysis of metals in soil cultivated with cotton revealed that, despite some 

increases in the levels of specific elements, the values remained within the limits 

established by COEMA Resolution No. º 02/2017 for agricultural use. In treatments WS, 

25%, and 50%, leaching of some elements from the surface layer to the 30-60 cm layer 

was observed. 

Table 11 shows the metal levels, in which Sb, Ag, and Se had concentrations 

slightly higher than the reference values in all treatments but remained below the legal 

limits, indicating low immediate risk to soil quality or plant health. The elements As and 
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Hg, at 100%, also exceeded the reference values but remained below the established limits 

of 15 mg/kg and 0.5 mg/kg, respectively. 

Ba showed its highest levels in the 0-30 cm layer in 75% and 100% with values 

above the reference values, but still below the limit of 150 mg/kg stipulated by COEMA. 

Element B, in turn, exceeded the COEMA Resolution standard of 1.7 mg/kg in all 

treatments, although, contradictorily, most levels remained below the reference values, 

indicating possible interference from the soil or the dynamics of the element. As cotton is 

considered a moderately boron-tolerant crop, the short-term effects observed tend to be 

limited.  

 

Table 11. Metal levels in the soil in the 0-30 cm and 30-60 cm layers for cotton 
cultivation. 

Treatment 
Al Sb As Ba B Cd Pb Co Cu Cr 

mg/kg-1 

WS 0-30 2909 0.02 0.23 5.04 3.85 0.21 3.27 1.99 2.68 4.95 

WS 30-60 3831 0.02 0.25 7.76 4.73 0.26 4.85 3.11 3.90 7.10 

25% 0-30 2351 0.03 0.28 4.39 3.40 0.13 2.36 1.55 1.95 3.63 

25% 30-60 2860 0.02 0.03 5.12 4.03 0.16 3.24 2.12 2.42 5.63 

50% 0-30 3159 0.02 0.34 5.63 4.45 0.31 3.76 2.23 5.35 5.35 

50% 30-60 3191 0.02 0.20 6.39 3.98 0.25 5.33 2.54 3.29 6.08 

75% 0-30 3489 0.02 0.39 9.87 5.24 0.22 3.66 2.34 3.10 5.72 

75% 30-60 3250 0.02 0.34 5.27 4.59 0.43 4.99 2.22 4.82 10.78 

100% 0-30 3547 0.03 0.26 14.04 4.89 0.22 3.68 2.41 3.01 5.44 

100% 30-60 3511 0.02 0.16 5.62 4.33 0.33 1.55 2.06 0.91 0.92 

Limit (1) - 2 15 150 1.7 1.3 72 25 60 75 

Reference (2) 3845 0.01 0.01 7.35 4.76 0.45 4.65 2.19 2.17 5.18 

Treatment 
Fe Mn Hg Mo Ni Ag Se V Zn  

mg/kg-1  

WS 0-30 2490 184.2 0.00025 0.27 2.88 0.02 0.02 5.7 10.4  

WS 30-60 3294 278.3 0.00025 0.25 4.80 0.02 0.02 7.9 15.1  

25% 0-30 1999 147.4 0.00025 0.22 2.29 0.03 0.03 4.3 7.4  

25% 30-60 2471 230.5 0.00024 0.29 3.95 0.02 0.02 5.4 10.8  

50% 0-30 2615 204.3 0.00025 0.32 3.29 0.02 0.02 6.2 11.4  

50% 30-60 2760 241.4 0.00024 0.20 3.88 0.02 0.02 6.1 12.9  

75% 0-30 2762 201.4 0.00025 0.38 3.88 0.02 0.02 6.4 16.3  

75% 30-60 2719 208.8 0.00025 0.25 3.43 0.02 0.02 6.6 10.5  

100% 0-30 2721 208.8 0.00025 0.33 4.01 0.03 0.03 6.5 12.8  

100% 30-60 2612 191.6 0.00025 0.36 3.13 0.02 0.02 4.1 8.8  

Limit (1) - - 0.5 30 30 2 5 1.7 300  

Reference (2) 2668 138.6 0.0001 0.24 2.10 0.01 0.01 5.62 11.43  

Legend: WS: Water supply; 100: Produced water (PW); 25: 25% PW + 75% WS; 50: 50% PW + 50% WS; 
75: 75% PW + 25% WS; Al: Aluminum; Sb: Antimony; As: Arsenic; Ba: Barium; B: Boron; Cd: Cadmium; 
Pb: Lead; Co: Cobalt; Cu: Copper; Cr: Chromium; Fe: Iron; Mn: Manganese; Hg: Mercury; Mo: 
Molybdenum; Ni: Nickel; Ag: Silver; Se: Selenium; V: Vanadium; Zn: Zinc. (1) Specific parameters for soil 
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saturation limits from Annex II of COEMA Resolution No. º 02/2017 (CEARÁ, 2017); (2) Reference values 
for metals obtained in the topsoil layer (0-20 cm) before treatment application. 
 

The metals Cd, Pb, Co, Cu, Cr, Mo, Ni, and Zn presented concentrations below 

the limits of COEMA Resolution in all treatments. However, Cr in 75% (30-60 cm) 

exceeded the reference values. In addition, V was above the standard of 1.7 mg/kg in all 

treatments. Finally, in 100%, leaching of Cd, and Mo was identified from the 0-30 cm 

layer to the 30-60 cm layer, indicating vertical mobility of these elements in the soil 

profile. 

The data indicate that the use of treated PW, even in treatments with higher 

concentrations, did not cause soil contamination by metals. Nevertheless, the presence of 

elements such as B, V, and Cr close to or slightly above the attention values highlights 

the importance of periodic monitoring and detailed analysis of water quality before its 

continuous application. 

3.3 Effects of irrigation with produced water on the plant 

3.3.1 Sorghum (Sorghum bicolor L.) 

 

The morphological parameters evaluated in sorghum (height, stem diameter, and 

dry mass production) showed different responses depending on the concentration of 

produced water used for irrigation. In general, treatments with up to 50% produced water 

promoted good agronomic performance, with emphasis on biomass accumulation, which 

exceeded the control in some dilutions. Among the attributes analyzed, height was the 

most sensitive to salt stress, showing a significant reduction at higher concentrations 

(75% and 100%), which highlights the crop's tolerance limits to salinity and the chemical 

composition of the water applied. Plant height (Figure 6) was statistically higher in the 

WS, 25%, and 50% treatments, with averages above 170 cm.  
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Figure 18. Height of sorghum plants grown under proportions of produced water (WS, 
25%, 50%, 75%, and 100% produced water). 
 

From 75% onwards, a sharp drop in height was observed, reaching 134 and 133 

cm in the 75% and 100% treatments, respectively, which represents a reduction of 

approximately 22% compared to the most productive treatments. Although sorghum is 

classified as moderately tolerant to salinity, this tolerance is restricted to mild to moderate 

salinity conditions (Morsy et al., 2021; Zahedi; Piernik; Dehnavi, 2024) . In environments 

with high salt accumulation, as evidenced by the EC and Na+ values in the most 

concentrated treatments, significant losses in growth may occur, resulting from limited 

cell expansion, turgor maintenance, stomatal functioning, and nutrient assimilation. 

Sensitivity to high salt concentrations is consistent with the findings of Oliveira et 

al. (2021), who observed a significant reduction in sorghum height when irrigated with 

water with electrical conductivity greater than 3 dS m{¹. The crop's tolerance to moderate 

salinity allows it to be grown with diluted reused water, but high limits compromise 

vegetative development. In contrast, Soni et al. (2021) identified a higher threshold, with 

tolerance up to 6.86 dS m-1, which highlights variations between cultivars and soil and 

climate conditions in different studies. 

The stem diameter (Figure 7) showed no statistical difference between the WS, 

50%, 75%, and 100% treatments, suggesting low sensitivity of this variable to salinity in 

the evaluated period. The 25% PW treatment had the highest mean and differed 

significantly from the others, which may indicate a moderate positive effect of salinity on 

stem development under controlled conditions. The maintenance of diameter in the other 
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treatments may be related to tolerance mechanisms that preserve the plant structure even 

under saline stress.  

Figure 19. Diameter of sorghum plants grown under produced water dilutions (WS, 
25%, 50%, 75%, and 100% produced water). 
 

The dry mass production of sorghum (Figure 8) varied according to the 

concentration of PW used in irrigation. In the treatments with 75% and 100% PW, no 

significant reductions in biomass were observed in relation to the control (WS) in the 

stem, root, and total compartments. Even under conditions of higher salinity and sodium 

content, sorghum was able to maintain its development, showing physiological resilience. 

The stability observed reinforces the crop's suitability for use in areas with a high risk of 

irrigation-induced salinization. 

Figure 20. Dry mass of leaves, stems, roots, and total sorghum plants grown under 
produced water dilutions (WS, 25%, 50%, 75%, and 100% produced water). 
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The 25% and 50% treatments showed the highest biomass values in the stem, root, 

and total compartments, significantly exceeding the control (WS). These results suggest 

a positive physiological response to moderate salt stress, possibly associated with 

mechanisms such as osmotic adjustment and greater efficiency in nutrient absorption, 

which favor biomass accumulation. This demonstrates the crop's ability to tolerate 

moderate saline conditions and reinforces its agronomic potential in environments 

irrigated with lower quality water, provided it is well managed. Guimarães et al. (2022) 

report physiological adjustments and activation of antioxidant defenses in sorghum 

irrigated with saline water, which reflected in a positive response in the productivity of 

some varieties. 

It is important that the use of PW be controlled and that management strategies 

that consider its composition and crop tolerance limits be implemented. These findings 

suggest that moderate levels of salts may not only be tolerated but also stimulate 

beneficial adaptive responses. Cultivars adapted to the semi-arid region have the capacity 

to maintain dry matter production under moderate salinity (Costa; Medeiros, 2017), with 

sorghum being one of the species recognized for its physiological tolerance to salinity. 

Previous studies reinforce the potential of sorghum for use in bioenergy systems 

under saline water irrigation. Costa and Medeiros (2017) highlight that the Ponta Negra 

cultivar showed higher dry matter and energy production, while BRS 506 showed higher 

sugar and ethanol productivity, evidencing variations in tolerance between genotypes. 

This tolerance can be attributed to specific physiological and biochemical characteristics 

that confer greater resilience to saline stress.  Another study, testing the impact of saline 

water on sorghum and wheat cultivation, concluded that the adoption of deficient 

irrigation and the use of mulch is effective in the cultivation of sorghum for bioenergy, 

making it a candidate for rotation systems in semi-arid regions (Rai et al., 2022).  

Figure 9 shows the visual appearance of sorghum plants at the end of cultivation. 

It can be observed that in sorghum plants, treatments with higher concentrations of PW 

(75% and 100%) resulted in smaller plants, consistent with the height data, indicating 

symptoms of water and salt stress. In contrast, the best visual development was observed 

in the treatments with 25% and 50%, which had longer stalks and more vigorous leaves. 

Although the visual analysis is illustrative, it reinforces the patterns observed in the 

quantitative parameters. 
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Figure 21. Sorghum plants at 90 days of cultivation under irrigation with dilutions of 
produced water (WS, 25%, 50%, 75%, and 100% produced water). 
 

The data obtained indicate that sorghum shows satisfactory agronomic 

performance under irrigation with treated PW, maintaining biomass production even at 

the highest concentrations evaluated. The 25% and 50% PW treatments promoted 

significant increases in dry mass, surpassing the control, which suggests a response to 

moderate salt stress. In the 75% and 100% treatments, there was no statistical difference 

from the control, demonstrating the crop's tolerance under higher salinity conditions. 

Thus, sorghum has potential as a viable energy crop for use in environments irrigated with 

lower quality water. 

3.3.2 Elephant grass (Pennisetum purpureum) 

The morphological evaluation of elephant grass, considering the parameters of 

height, culm diameter, and total dry mass, revealed that the crop performs well 

agronomically under irrigation with PW. With maintenance or increase in the 

morphological parameters analyzed. Plant height (Figure 10) was significantly lower in 

the treatment with WS, with an average of 105.60 cm. In the other treatments, with 25% 

to 100% PW, there was no statistical difference, with average values between 156 cm and 

174 cm. This behavior indicates the ability of elephant grass to maintain vertical growth 

even under higher salinity conditions. 
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Figure 22. Height of elephant grass plants grown under proportions of produced water 
(WS, 25%, 50%, 75%, and 100% produced water). 
 

The highest stem diameter values (Figure 11) were recorded in the treatments with 

25% (14.54 cm) and 75% (13.37 cm) of PW. The treatments with WS, 50%, and 100% 

presented lower values, with 11.73 cm, 12.74 cm, and 12.85 cm, respectively, but without 

statistical difference between them. Although a linear response pattern was not observed, 

the results indicate that elephant grass exhibited structural stability under different saline 

conditions. 

The observed stability can be explained by the plants ability to adjust biomass 

allocation in response to environmental stimuli without compromising the integrity of the 

stem structure. The literature shows that elephant grass has moderate tolerance to salinity, 

but morphophysiological responses may vary depending on the genotype and 

environment. This response is observed by Dantas et al. (2006), who evaluated 

Penissetum clones under saline stress and identified that some are more resistant to 

salinity than others. 
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Figure 123. Diameter of elephant grass plants grown under produced water dilutions 
(WS, 25%, 50%, 75%, and 100% produced water). 
 

 

Dry matter production, as shown in Figure 12, shows that treatments with 25%, 

50%, and 75% PW resulted in the highest biomass accumulation in the leaf, stem, root, 

and total compartments. Root dry mass responded significantly to concentrations between 

25% and 75%, with values between 108.99 g and 112.00 g, higher than WS (46.42 g) and 

100% PW (95.89 g). This suggests a physiological adaptation to the presence of salts in 

moderate concentrations, favoring root growth. Similar results were found by Santos et 

al. (2019), who evaluated the biomass production of elephant grass and found that this 

attribute was not affected when irrigated with saline water up to 2.5 dS m-1, 
recommending the use of mixtures with better quality water. 

The exclusive use of PW (100%) caused a significant reduction in total biomass 

compared to the 25% to 75% treatments, but still significantly exceeded the control (WS). 

This response may be related to the plants ability to respond positively to a moderate level 

of salt stress, as long as it does not exceed its physiological threshold. The reduction in 

biomass with 100% PW is consistent with the negative effects of salt stress, as pointed 

out by Vale and Azevedo (2013) and Santos et al. (2019). 
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Figure 24. Dry mass of leaves, stems, roots, and total elephant grass plants grown under 
produced water dilutions (WS, 25%, 50%, 75%, and 100% produced water). 
 

The morphological and productive analysis of elephant grass demonstrates that 

irrigation with up to 75% PW is agronomically viable, characterizing the crop as a 

promising alternative for use in areas irrigated with saline water, provided that it is 

associated with management strategies such as salinity monitoring, the use of plant cover, 

and, when necessary, soil washing to control salt accumulation. Visual assessment of 

elephant grass plants (Figure 13) demonstrated the stability of growth observed in the 

morphological data, even under the highest concentrations of PW. The plants have 

preserved leaf structure, illustrating the ability of elephant grass to grow consistently even 

under conditions of high salinity.  

 

Figure 25. Elephant grass plants at 90 days of cultivation under irrigation with dilutions 
of produced water (WS, 25%, 50%, 75%, and 100% produced water). 
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3.3.3 Cotton (Gossypium hirsutum L.) 

 

Cotton cultivation showed variable behavior in the morphological parameters 

evaluated. Regarding height (Figure 14), no statistical differences were observed between 

treatments, with values ranging from 57.0 cm (100%) to 64.2 cm (75%), indicating 

maintenance of initial vertical growth. These results suggest evidence of crop tolerance 

to salinity in the early stages, although other variables, such as stem diameter and 

biomass, showed differences between treatments.  

Figure 26. Height of cotton plants grown under proportions of produced water (WS, 
25%, 50%, 75%, and 100% produced water). 

 

The tendency for soil salinization in environments irrigated with wastewater was 

also described by Chaganti et al. (2020) and Tian et al. (2022), who pointed out the 

importance of this strategy in semi-arid regions or regions with water scarcity. Similar 

results were also reported by Ren et al. (2021), who highlighted the stability of cotton 

development under mild to moderate salt stress, with no significant impact on stem height 

or thickness. 

Regarding stem diameter (Figure 15), the treatment with 100% PW presented the 

highest mean value (5.64 cm), being statistically superior to the others. The treatments 

with WS at 75% did not differ from each other, with values ranging from 4.35 cm to 4.90 

cm. At higher concentrations, the salts and nutrients present in produced water can have 

a positive effect on stem thickening. Similar results were reported by Ren et al. (2021), 

who observed stability in cotton development under mild to moderate salt stress, with no 

negative impact on stem height or diameter. 
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Figure 27. Diameter of cotton plants grown under produced water dilutions (WS, 25%, 
50%, 75%, and 100% produced water). 
 

 

Regarding total dry matter (Figure 16), the treatments with WS, 75%, and 100% 

PW showed higher values, with no significant difference between them, and were superior 

to the treatments with 25% and 50%. The crop response indicates that cotton was able to 

maintain biomass production under higher PW concentrations, demonstrating tolerance 

to salt stress. The reduction observed in the 25% and 50% treatments may reflect 

variations in nutrient availability or osmotic effects associated with intermediate salinity. 

Figure 28. Dry mass of leaves, stems, roots, and total cotton plants grown under 
produced water dilutions (WS, 25%, 50%, 75%, and 100% produced water). 
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Thus, the results indicate that cotton is a promising crop for agricultural systems 

that use treated produced water as an alternative source of irrigation. The highlight for 

stem diameter in the 100% PW treatment suggests an efficient adaptive capacity to 

salinity, provided that the soil is adequately monitored to avoid excessive salt 

accumulation over time. 

Figure 17 shows the visual appearance of cotton plants grown under PW dilutions. 

In general, it can be observed that the plants maintained similar development between 

treatments, with small variations in leaf supply and architecture. The image serves as a 

complementary illustrative resource, reinforcing the morphological tolerance of cotton 

plants to the use of produced water under controlled conditions.  

Figure 29. Cotton plants at 90 days of cultivation under irrigation with dilutions of 
produced water (WS, 25%, 50%, 75%, and 100% produced water). 
 

The maintenance of growth, diameter, and biomass production under the 

conditions evaluated reinforces the potential of cotton as a strategic crop for agricultural 

systems that integrate water reuse, especially in semi-arid regions. This approach is 

aligned with sustainability strategies, as it allows for the rational use of water resources, 

the utilization of industrial waste, and the production of crops with economic and energy 

value in environments with low agricultural suitability.  

3.4 Agronomic and environmental feasibility of irrigation with produced water 

 

The results obtained in this research demonstrate the technical, agronomic, and 

environmental potential of using treated petroleum PW as an alternative source of 

irrigation for strategic crops such as sorghum, elephant grass, and cotton. The three 
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species showed viable development under PW dilutions, albeit with specific responses to 

soil and plant growth parameters, reflecting their different tolerances to salinity and the 

chemical composition of the water resource. Sorghum and elephant grass, recognized for 

their greater rusticity and high biomass production potential, showed promise in 

environments irrigated with saline water. 

The reuse of PW in agriculture is an effective water sustainability strategy, 

reducing dependence on conventional sources and contributing to the conservation of 

natural resources in semi-arid regions. This practice also contributes to the valorization 

of marginal areas and reinforces the principles of the circular economy by transforming 

waste from the oil industry into a productive input, mitigating the environmental impacts 

associated with the improper disposal of this effluent. In addition, the cultivation of 

bioenergy species under this model promotes synergies with the energy transition by 

associating the reuse of resources with the production of raw materials for biofuels, 

contributing to the reduction of the carbon footprint and the fulfillment of decarbonization 

goals. 

The maintenance of biomass indices under PW dilutions demonstrates the 

suitability of sorghum and elephant grass for integration into sustainable energy 

production systems, even under saline conditions. The gradual accumulation of sodium 

in the soil, especially in the surface layers, indicates the need for caution regarding the 

prolonged use of the produced water.  

Irrigation with PW showed agronomic and environmental viability in sustainable 

agricultural systems, considering the initial development of the crops evaluated. This 

approach represents a concrete alternative to increase water and energy security in 

contexts of scarcity, in line with the Sustainable Development Goals (SDGs). It is 

important to emphasize the need to adopt appropriate management practices, monitor 

water and soil quality, and use adapted crops. Table 12 presents a direct and objective 

compilation of the observed effects and recommended management practices for 

improving productivity when the use of produced water is considered.  

Based on the advances of this study, it is recommended that research continue 

through complementary studies that cover the complete crop cycle and evaluate the long-

term effects on soil, productivity, and the quality of the biomass produced, consolidating 

the use of PW as a viable and safe resource on a productive scale. 
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Table 12. Effects observed in plants versus recommended management interventions. 
Culture Observed effects Recommended management interventions 

Sorghum 

Reduced production with increased 
salinity; sensitive to Naz 

accumulation. 

Surface gypsum application to mitigate 
sodification; choice of more tolerant cultivars; 

potassium correction. 

Elephant grass 

High tolerance to salinity; good 
biomass production even with 

100% PW. 

Salinity monitoring; potassium fertilization; 
use of organic matter to improve soil structure. 

Cotton 

Greater sensitivity to salinity; 
marked reduction in biomass; more 

sodified soil. 

Limit PW use to up to 25%; prior use of 
corrective agents (gypsum); drainage and 

balanced fertilization. 

 

4. CONCLUSION 

The results showed that the use of treated PW in irrigation promoted changes in 

the chemical attributes of the soil, especially in salinity and sodicity, with greater intensity 

in treatments with high concentrations. The species showed good agronomic 

performance, even under moderate levels of salinity, high rates of macro and 

micronutrients, and some heavy metals. The species confirm their potential as bioenergy 

crops when PW is used as part of the water resource, maintaining acceptable biomass 

production at intermediate concentrations, indicating viability under proper management. 

Despite the observed benefits, such as nutrient reuse and reduced dependence on fresh 

water, the risks of salt and metal accumulation reinforce the importance of continuous 

monitoring and the adoption of conservation management practices. 
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GENERAL CONCLUSIONS 

 

This thesis demonstrated the potential of produced water as a strategic resource 

for sustainable agriculture and the energy transition. The bibliometric analysis highlighted 

its growing relevance in global research, while the review emphasized both challenges 

and opportunities for its safe agricultural reuse in Brazil. The experimental results 

confirmed the technical feasibility of using produced water to irrigate bioenergy crops 

such as sorghum, elephant grass, and cotton, provided that management practices address 

salinity and sodicity risks. Overall, the findings reinforce that produced water, when 

properly treated and managed, can contribute to water security, resilient production 

systems, and climate change mitigation. 


