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PRESENTATION

The Graduate Program in Engineering and Environmental Sciences proudly launches its first book under
the theme Contemporary Issues in Engineering and Environmental Sciences, challenging readers, in each
chapter, to reflect on the many possibilities for managing environments and transforming raw materials while
promoting environmental sustainability.

We live in an era in which engineering and environmental sciences do not merely diagnose the impacts
of human activity, but fundamentally contribute to safeguarding the survival and quality of life of future
generations. This volume brings together a collection of studies that exemplify this mission, seamlessly
navigating between technological innovation, resource management, and the rigorous monitoring of our
ecosystems.

Within these pages, readers will encounter a multidisciplinary and practice-oriented approach to urgent
contemporary challenges. The book invites us to rethink the concept of “waste,” transforming environmental
liabilities into valuable assets. It showcases ingenuity in the valorization of by-products, whether through the
incorporation of glass powder to produce more sustainable concrete or through the conversion of biomass from
invasive species, such as Annoni grass, into sources of reducing sugars for bioenergy production.

Responsibility throughout the life cycle of materials is also reflected in laboratory and industrial
management practices. The authors present low-cost and highly efficient solutions, including the use of solar
evaporation for the treatment of liquid chemical waste and the phytotoxicological assessment of soils impacted
by fish waste disposal, ensuring that their return to the environment occurs in a safe and responsible manner.

Beyond remediation and reuse, this book delves into the complexity of environmental diagnostics.
Chapters dedicated to the detection of micropollutants, such as bisphenol A in aquatic organisms, and to the
analysis of soil contamination by heavy metals derived from wood preservation processes draw attention to
silent risks that demand constant vigilance.

Finally, the volume does not overlook the macroscale of territorial and water resources management. In
the context of climate change, the analysis of intense rainfall events for peak flow estimation becomes an
indispensable tool for disaster prevention and the planning of resilient drainage systems.

Readers are therefore invited to explore these chapters not only as academic contributions, but as a
compendium of solutions. May this reading inspire new ideas and strengthen the technical and ethical

commitment required to build an environmentally balanced future.
Enjoy your reading.
PhD. Jander Luis Fernandes Monks

Coordinator of the Master’s Program in Engineering and Environmental Sciences

PhD. Leonardo Betemps Kontz
Deputy Coordinator of the Master’s Program in Engineering and Environmental Sciences
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PREFACE

The contemporary challenges faced by society demand integrated, scientifically
grounded, and ethically responsible responses from engineering and environmental
sciences. In this context, the Graduate Program in Engineering and Environmental Sciences
of the Federal Institute of Education, Science and Technology Sul-Rio- grandense (IFSul)
presents this volume as its first collective editorial endeavor, reflecting the maturity,
diversity, and interdisciplinary strength of the research developed within the program.

This book brings together contributions from faculty members, graduate students,
and collaborators whose work addresses critical issues related to environmental
diagnostics, sustainable resource management, technological innovation, and the
mitigation of anthropogenic impacts. The chapters illustrate how engineering tools and
environmental sciences converge to propose solutions that are both technically robust and
environmentally responsible, aligned with global sustainability agendas and regional
realities.

A distinctive feature of this volume is its emphasis on methodological rigor
combined with applied relevance. The chapters not only advance theoretical understanding
but also offer reproducible methodologies, low-cost solutions, and innovative approaches
suitable for real-world applications in urban, rural, industrial, and laboratory contexts. This
balance reinforces the role of graduate education as a driving force for knowledge
generation, technological advancement, and societal transformation.

By fostering dialogue between engineering disciplines and environmental sciences,
this book underscores the importance of interdisciplinary collaboration in addressing
complex environmental problems. It also reflects the institutional commitment of the
Graduate Program to academic excellence, social responsibility, and the training of
professionals capable of contributing meaningfully to sustainable futures.

We hope that this volume will serve not only as a scientific reference, but also as a
source of inspiration for researchers, students, professionals, and policymakers. May the
ideas and solutions presented here encourage critical reflection, innovation, and continued

engagement in the pursuit of environmentally balanced and resilient societies.

Leonardo Betemps Kontz

Jander Luis Fernandes Monks
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INTRODUCTION

Leonardo Betemps Kontz, Jander Luis Fernandes Monks

Contemporary society faces increasingly complex environmental challenges
resulting from climate change, accelerated urbanization, intensification of productive
systems, and the growing pressure on natural resources. In this context, engineering and
environmental sciences play a strategic role that extends beyond environmental diagnosis,
encompassing the design, evaluation, and implementation of technically sound and socially
responsible solutions aimed at sustainable development.

Addressing such challenges requires integrated and interdisciplinary approaches,
supported by methodological rigor and empirical evidence. Environmental problems such
as hydrological extremes, waste generation and management, soil and water contamination,
and the sustainable competitiveness of productive systems cannot be adequately
understood or mitigated through isolated disciplinary perspectives. Instead, they demand
the convergence of engineering principles, environmental sciences, analytical chemistry,
geotechnologies, and strategic management frameworks.

This volume is situated within this interdisciplinary and applied perspective.
Developed from research conducted within the Graduate Program in Engineering and
Environmental Sciences at the Federal Institute of Education, Science and Technology Sul-
Rio-grandense (IFSul), the book brings together contributions from faculty members,
graduate students, and collaborators. Collectively, these studies reflect the scientific
maturity of the program and its commitment to generating knowledge that is both

academically robust and directly applicable to real-world environmental challenges.

OBJECTIVES OF THE VOLUME

The primary objective of this book is to present and critically discuss theoretical,
methodological, and technological approaches to contemporary issues in engineering and
environmental sciences. Specifically, the volume aims to:

Demonstrate the application of quantitative and qualitative methods for
environmental diagnosis and engineering design;

Explore strategies for the valorization of residues and biomass within the framework

of circular economy principles;
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Assess analytical and experimental techniques for the characterization of complex
environmental matrices;

Highlight the role of modeling, geotechnologies, and monitoring tools in
environmental planning and decision-making processes;

Integrate technical and strategic perspectives related to sustainability, innovation,

and the competitiveness of productive systems.

SCOPE AND METHODOLOGICAL APPROACHES

The scope of this book encompasses multiple analytical scales, ranging from
laboratory-based studies to watershed and territorial assessments, and from material-level
analyses to system-level evaluations. The methodological approaches adopted across the
chapters include hydrological modeling, physicochemical and chromatographic analyses,
experimental assays, ecotoxicological bioassays, geospatial analysis, and conceptual
frameworks derived from management and strategic studies applied to environmental and
agro-industrial systems.

This methodological diversity underscores the inherently interdisciplinary nature of
contemporary environmental engineering and reinforces the importance of combining
classical methods with emerging technologies to produce reliable, reproducible, and

policy-relevant scientific knowledge.

STRUCTURE OF THE BOOK

The volume is organized into ten chapters, structured to guide the reader from
environmental diagnosis to the development of technical and strategic solutions.

Chapter 1 addresses the analysis of intense rainfall events and the estimation of peak
flows, emphasizing hydrological modeling as a fundamental tool for urban and rural
planning and for the mitigation of flood risks under changing climatic conditions.

Chapter 2 examines the influence of sample preparation methods on the
chromatographic characterization of pyroligneous liquid, comparing liquid—liquid
extraction and lyophilization and highlighting the implications of methodological choices
for analytical reliability.

Chapter 3 focuses on the valorization of biomass from invasive species, analyzing
the production of reducing sugars from Annoni grass as a strategy for bioenergy generation

and environmental management.
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Chapter 4 investigates the environmental implications of wood preservation
processes, with particular attention to chemically treated materials and the associated risks
of soil and environmental contamination.

Chapter 5 is dedicated to the assessment of emerging micropollutants in aquatic
ecosystems, reinforcing the importance of continuous environmental monitoring and risk
evaluation.

Chapter 6 presents low-cost and efficient solutions for the treatment of liquid
chemical waste, emphasizing solar evaporation as an appropriate technology for laboratory
and institutional contexts.

Chapter 7 evaluates the phytotoxicity of soils affected by the disposal of fish-
processing residues, employing bioassays as tools for environmental assessment and
management.

Chapter 8 explores the incorporation of glass waste into cementitious materials,
assessing its effects on mechanical performance and its potential to reduce environmental
impacts in the construction sector.

Chapter 9 addresses the conversion of agro-industrial residues, specifically grape
pomace, into biochar through pyrolysis, situating this approach within the broader context
of bioenergy and circular economy strategies.

Finally, Chapter 10 expands the technical focus of the volume by examining
sustainability-driven competitiveness in agro-food systems, with particular emphasis on
olive oil production, integrating concepts of innovation, territorial identity, and strategic

management.

SCIENTIFIC CONTRIBUTION AND RELEVANCE

By integrating empirical research, methodological innovation, and strategic
analysis, this book contributes to advancing the field of engineering and environmental
sciences. The chapters offer reproducible methodologies, empirically grounded results, and
conceptual frameworks that may inform future research, professional practice, and public
policy development.

This volume is intended to serve as a reference for researchers, graduate students,
practitioners, and decision-makers seeking scientifically rigorous and practically
applicable insights into contemporary environmental challenges. Ultimately, it aims to
support the development of resilient, sustainable, and environmentally responsible systems

across diverse contexts.
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CHAPTER 1:
DESIGN PEAK FLOW BY INTENSE RAINFALL ANALYSIS

Marcelo Peske Hartwig, Jéssica Etcheverria do Prado Hartwig, Silvana Pereira Rodel

ABSTRACT

This chapter presents a detailed methodology for determining the maximum design flow,
integrating traditional hydrological techniques with Geographic Information System (GIS)
tools in a case study of the Arroio Moreira/Fragata sub-basin, in the city of Pelotas - RS. The
study's rationale highlighted how surface modifications and urban imperviousness can alter
hydrological functioning, correlating flow management. To address the lack of direct
streamflow data, the methodology used rainfall data from the same hydrological region
obtained via the HidroWeb platform (ANA). To fill gaps in the annual maximum daily
precipitation series, the Regional Weighting Method was employed, with data consistency
validated through the Double-Mass curve method. The statistical analysis of extreme events
was conducted using the Gumbel Method, which allowed for the estimation of maximum
rainfall associated with different return periods, while the Robaina and Peiter rainfall
disaggregation technique was applied to convert daily precipitation into short-duration
intensities, essential for plotting Intensity-Duration-Frequency (IDF) curves. The use of
geotechnologies, such as Landsat 8 satellite imagery and SRTM altimetric data, was
fundamental for delimiting the 171.941 km? drainage area and calculating critical
physiographic parameters, such as the time of concentration (Tc =~ 290 min) using the Kirpich
Equation. Furthermore, land use and land cover mapping allowed for the determination of a
weighted average runoff coefficient (C) of 0.272. By integrating these variables into the
Rational Method, the study resulted in a maximum design flow of 179.23 m?/s for a 5-year
return period. The work concludes that this methodological integration offers precise technical
support for the design of hydraulic structures and for resilient environmental planning against
extreme events in small watersheds.

Keywords: Peak Discharge; Hydrology; Extreme Events.

1 INTRODUCTION

Superficial modifications to the natural characteristics of a watershed alter its
hydrological functioning, with greater expression, in the expansion of the urban perimeter,
which promotes surface impermeabilization, increased local temperature, increased
evapotranspiration, reflecting in high rainfall indices that cause urban and rural floods, as
a consequence of the excess and velocity of the surface runoff produced by the reduction
of soil infiltration capacity.

The dimensioning of hydraulic structures in urban or agricultural areas for water
use, capture systems, water reuse, or for systems of protection against extreme events is of
great importance, because it integrates the watershed management system for the

utilization and management of water resources, essential for the planning of conservation,
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environmental preservation, and protection, but it primarily encounters barriers in how to
calculate the design flow rate that will be adopted for the calculations of these systems due
to the numerous variables existing in a natural and anthropized system.

Currently, alternatives are sought for the control of flood peaks by installing
hydraulic structures for containment, storage, and distribution in watersheds, which meet
the Sustainable Development Goals (SDGs). These goals are directly related to the
calculation and management of peak flows and their applications. An example is SDG 6
(Clean Water and Sanitation), where flow dimensioning and management prevents
contamination from floods, protects water resources, and improves water availability and
quality.

These peak flow controls are also addressed by SDG 11, which aims for the pursuit
of sustainable cities and communities where resilient drainage systems and pluvial
infrastructures reduce urban risks, improve safety and quality of life. The calculation of
peak flows can aid in the development of storage systems for controlling and mitigating
these peaks, resulting in smoother discharges at the outlet section, preventing floods in
urban and agricultural areas, and the stored but undischarged volume will serve as a
reservoir for treated water supply.

A relationship can be established with SDG 13, which addresses action against
global climate change, because it includes the analysis of flows and scenarios of rainfall
intensification to adopt adaptation measures and protection planning against extreme
events. The construction of storage reservoirs can help balance the region's temperature,
since water is a natural temperature regulator. In these locations, a vegetal system of surface
protection would be present that would work against erosion, control of regional
temperatures, and accentuated runoff.

The increase in impermeabilization causes surface runoff to achieve high velocities
and volume increases in very short time intervals. Flow peaks occur more frequently and
at greater magnitudes in urban areas, in comparison with forest or rural areas. In addition,
floods occur more frequently, making the watershed more sensitive to both moderate and
weak precipitations (WATTS; HAEKE, 2003).

The study of maximum flow rates in watersheds facing intense rainfall is associated
with SDG 15 (Life on Land), which protects terrestrial life by aiming to reduce floods and
erosion with the purpose of protecting soil and terrestrial habitats through watershed
management with nature-based solutions (wetlands, green corridors, permanent

preservation areas (app), legal reserve) that promote ecological restoration (FAO, 2017).
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One of the problems for the dimensioning of these structures, in all aspects
previously addressed, is the obtaining of the data that will be used to reach the maximum
design flow rate result. The most adequate process is the obtaining of the flow rate data
measured directly in the river channel at measuring stations, since these represent all
surface phenomena until resulting in surface runoff and flow rate, such as infiltration,
accumulation, retention, evapotranspiration, and water velocity, from the most distant point
of the watershed until it reaches the main channel and thus the watershed outlet section.

When we do not possess data from fluviometric stations, specifically at the outlet
section of the studied watershed, statistical treatment techniques are used for the
transformation of pluviometric data into flow rate.

The maximum flow rate can be estimated based on precipitation series obtained at
pluviometric stations in the region under analysis, using methods that represent the main
processes of transforming precipitation into flow rate, such as the Gumbel Method for
determining the design rain and the Intensity-Duration-Frequency (IDF) curve, to estimate,
as a function of the time of concentration (Tc), the rainfall intensity that will be applied in
the equation, and subsequently applying the Rational Method, which encompasses all the
processes involved at the moment the rain precipitates in the watershed into just one
coefficient for calculating flow rates at the outlet section of a basin.

Rainfall precipitation, among the hydrological elements, is what most interferes
with human life, since it is configured as the main input of water into the hydrological
system, making other variables such as flow rate and infiltration strongly linked to its
occurrence (SOUZA, 2013). In addition to these, evapotranspiration, surface runoff
velocity, accumulation, retention, among others, can be associated. All these variants
directly interfere with the flow rate result at the outlet section of a basin, which means that
not all precipitation occurring in the watershed will reach the outlet section of the
watershed.

Precipitation is the climatic variable with the greatest variability across diverse time
scales. For this reason, the study of extreme events of annual maximum daily precipitation
(Pdma) is related to severe damage to human activities in almost all regions of the world,
due to its potential to cause soil water saturation, surface runoff, and erosion (TAMMETS
and JAAGUS, 2013), as well as in rural and agricultural areas.

According to Bueno et al. (2019), watersheds are units that present essential aspects

for conducting quantitative and qualitative studies of water, as well as the management of
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water resources, as they comprise the entire natural catchment area for this resource
originating from rain, providing surface runoff to the main channel.

The adoption of the watershed as a planning unit was done to assign a greater
environmental basis for management, so that the political-administrative units become
responsible for executing coordinated and integrated actions with a technical basis to
defend common interests (SILVA, 2005).

From this perspective, in Brazil, the fundamental territorial unit for water resources
management, established through the National Water Resources Policy — PNRH (BRASIL,
1997), are the watersheds.

According to Santana (2003), the size and limits of the watershed are important for
determining water resource parameters such as annual total and flood potential, for
evaluating how, when, and where to apply management measures for controlling water
quality, quantity, or regime. The size of a watershed is an essential consideration in
hydrological behavior, being one of the most difficult parameters to model.

Through the utilization of geotechnology tools (cartography, remote sensing, GPS,
and Geographic Information Systems — GIS), it is possible to delimit and evaluate
watershed divides obtained from elevation data, among the most utilized of which are those
from the Shuttle Radar Topography Mission — SRTM (FARR et al., 2007). The use of
automatic techniques allows for the efficient delimitation of basin divides with minimal
operator interference (TORRES, 2007).

Geotechnologies are tools that can expedite and facilitate monitoring and
management in watersheds, with updated and more precise information to determine the
surface elements that interfere with the calculation of the maximum design flow rate, such
as the determination of land use and cover, slope, soil map, water system, area, perimeter,
among others, which allows inferring a series of data related to surface runoff and the
runoff coefficient.

The utilization of satellite (LANDSAT) and altimetric (SRTM) images allows for
the establishment of these relationships in a computational environment that can be
constantly supplied, providing rapid responses, facilitating decision-making for adequate
watershed management. This makes it possible to identify areas sensitive to flooding,
erosion risk, contamination risks, identification of locations for urban/rural development,
among other information that allows for seeking the protection and conservation of the

natural environment and the reduction and control of sanitary and atmospheric emissions.

17



GIS allows the researcher to use a computerized database containing information
from diverse sources. The information is spatially distributed, with each element having a
geographic coordinate of natural characteristics, such as vegetation, hydrology, soil,
climate, among others, and economic, political, and social aspects, presenting a thematic
division into subsystems integrating a GIS. GIS also allows data crossing, by operating on
a series of spatial operators (Boolean, algebraic, and geometric operations), making it
possible to relate a certain phenomenon of reality with the selected spatial location
(CAMPOS, et al., 2015; SOUSA; PAULA, 2019; PEREIRA; CABRAL, 2021).

GIS has become increasingly utilized in land use planning, as it is a tool with a high
capacity for information storage as well as a great capacity for data manipulation. Its use
has represented greater speed and effectiveness in micro-watershed regions, generating
maps that assist in the study and planning of these areas (NARDINI, 2009).

The objective of this chapter is to present a methodology for determining the
maximum design flow rate in all its calculation stages, starting from the acquisition and
treatment of precipitation data using the Gumbel Method up to the result of the maximum
flow rate using the Rational Method in a case study in the Moreira/Fragata watershed in

the municipality of Pelotas — RS.

2 STUDY AREA

The present study was developed in the Moreira/Fragata Watershed, located in the
southern region of the state of Rio Grande do Sul. The choice of the area is due to its
importance for the urban and rural water system due to the high presence of flooded areas,
considered a natural filter for surface water, drinking water supply, as well as the growing
pressure of land use and occupation and the high susceptibility to extreme events in its
lowest part, due to presenting a characteristic of flat and naturally flooded relief.

According to Santos et al (2020), the Moreira/Fragata Watershed is inserted into the
large Coastal Hydrographic Basin of the RS state hydrographic system, more specifically
in the Mirim — Sdo Gongalo Hydrographic Basin, it has an area of 171.941 km?, and
encompasses three municipalities: Pelotas, Capao do Ledo, and Morro Redondo.

To characterize the space delimited by the Moreira/Fragata Watershed, a Landsat 8
satellite scene from 03/12/2025 with 30x30m resolution was used, obtained through Earth
Explore, available in the United States Geological Survey-USGS system, along with spatial

analysis tools (landscape ecology metrics) to illustrate the arrangement of the basin, which
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comprises distinct environments, referenced through the geodetic reference system - WGS
84 UTM Zone 228S.

The delimitation of the study area was carried out using SRTM (Shuttle Radar
Topography Mission) images from the year 2000, with altimetric information of the region.
With pre-processing, the image was corrected and the pixel size was standardized, pixels
without data were removed, negative values were corrected, pixels without data were filled,
and spurious depressions were removed. With this information, the Digital Elevation
Model (DEM) was obtained, and with this, the digital procedure for automatic watershed
detection was performed, where the coordinate of the outlet section of the Arroio
Moreira/Fragata is indicated and the system traces the water divide (watershed boundary).

The total area of the Moreira/Fragata sub-basin is 171.941 km?. The slope used was
calculated on average, by the ratio between the difference in altitude highest elevation of
286.00 meters and lowest elevation of 3.79 meters and the thalweg length of 26,809.44
meters.

The Arroio Moreira/Fragata, the main river, presents a geometric drop of 285 m,

covering an extension of 37.9 km, flowing into the Lagoa do Fragata.

Figure 1. Location Map of the Moreira/Fragata Watershed.
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The classification of land use and land cover was performed based on Landsat 8

satellite images, through unsupervised classification. The defined classes were forest,
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pasture, cultivation, exposed soil, urbanization, water, and wetland in vector form using
the segmentation procedure. The classification was performed with the OTB
(OrfeoToolbox Processing Provider) tool, using the “Segmentation” function and the
“Meanshift” algorithm with processing in “Vector” mode (Figure 2). With the classified
image, the areas occupied by each established use (Table 1) were calculated in order to

calculate the runoff coefficient.
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Figure 2. Land Use and Land Cover Map developed digitally.
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Table 1. Characterization of land use and land cover of the Moreira/Fragata Watershed.

Uso e Ocupagio Area (km®) Percentual (%)
Mata 39,102 1936
Pastagem 79 464 3935
Cultivo 20,448 10,13
Solo Exposto 21,512 10,55
Urbanizagio 5.673 2.81
Agua 2,355 85
Banhado 3,587 3,587

3 ACQUISITION OF PLUVIOMETRIC DATA AND GAP FILLING

Pluviometric precipitation is a random natural phenomenon, meaning it does not
have a homogeneous distribution in space-time. Knowledge of this information becomes
an important tool for various socio-environmental studies, such as urban planning and
prevention against natural disasters. This information can be used provided that the
pluviometric series have quality and density, and meet satisfactory statistical and
geostatistical parameters (SALGUEIRO ¢ MONTENEGRO, 2008). In addition to the
mentioned characteristics, having complete and dense series also condition and facilitate
watershed management in the search for resilient regions, improving water use and
distribution, soil and water conservation, and the prevention of future events related to
intense rainfall, among others.

The objective of a rainfall measurement station is to obtain a time series, without
gaps, of precipitations over the years, or to study the variation of rain intensities throughout

storms. In any case, there may be periods without information, voids, or gaps in the
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observations, due to problems with the recording equipment and/or with the station
operator, incorrect filling in the field notebook, wrong sum of the number of measuring
cylinders when the precipitation is high, value estimated by the observer for not being at
the sampling location, growth of vegetation or other obstruction near the observation post,
equipment damage, mechanical problems in the graphic recorder, among others.

The acquisition of good quality rainfall data is quite difficult, so it is rare to find a
reliable series of pluviometric or pluviographic data that possess complete series and
consistency in their data. To analyze the consistency of the data, it is necessary to have a
good knowledge of the acquisition methods, the equipment used, the installation sites, and
also the personality of the observers.

The filling of gaps or voids are techniques that enable the construction of a new set
of data by means of punctual sets of previously known data, thus allowing for. The
inclusion of this filled pluviometric data must translate information as close as possible to
reality, considering the great importance for the socio-environmental scope, for urban
planning, natural disaster forecasting, energy generation, agriculture, tourist activities, and
water resource management as a whole (BIER; FERRAZ, 2017; HUANG; WANG; XUE,
2015; MELLO; KOLHS; OLIVEIRA, 2017).

There are several approaches to filling gaps in pluviometric data series, each with
its advantages and disadvantages, as highlighted by Vieira et al. (2018), which include the
Regional Weighting, Linear Regression, Multiple Regression, and Potential Regression, as
well as the use of Neural Networks and Geostatistical Techniques, such as Kriging. This
chapter does not intend to exhaust the subject; in this sense, we will use only the Regional
Weighting method.

It should be noted that the performed filling is not a new datum, but rather an
estimate of the missing data (ARAUJO et al, 2023). When filling faulty data in a historical
series, Vieira et al. (2018) emphasize the importance of not altering the main
characteristics, such as variability, seasonal movements, and correlations with data from
other series, to which one wishes to associate them when inserting the estimates. Thus,
when a gap is supplemented by means of estimates, the result may bring uncertainties.
However, in the assessment using statistically treated data, in the case of gaps, the certainty
of the analysis is enhanced.

For the acquisition of hydrological precipitation data in Brazil, the online platform
HidroWeb is used, where data is analyzed free of charge by means of the Hidro software

(SGH/ANA/2018), belonging to the National Water and Basic Sanitation Agency (ANA),
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as presented in Figure 3, one of the pluviometric observation stations whose data was used
to fill gaps in the Moreira/Fragata Watershed (Sub-basin).

The HidroWeb Portal is an integral tool of the National Water Resources
Information System (SNIRH) and offers access to the database that contains all the
information collected by the National Hydrometeorological Network (RHN), gathering
data on river levels, flows, rainfall, climatology, water quality, and sediments. It is an
important tool for society and public and private institutions, as the data collected by the
hydrometeorological stations are essential for water resource management and various
economic sectors, such as energy generation, irrigation, navigation, and industry, in
addition to the design, maintenance, and operation of small and large hydraulic
infrastructure, such as dams, urban pluvial drainage, and even culverts and roofs. The data
available on the HidroWeb Portal refer to the conventional collection of
hydrometeorological data, meaning daily records made by observers and measurements
taken in the field by hydrology technicians and hydrologist engineers (AGENCIA
NACIONAL DE AGUAS, 2025).

According to Araujo et al. (2023), based on the analyses of the three gap filling
methods considered in their work and the validation through the Double Mass, it was found
that Regional Weighting (PR) and Multiple Regression (RM) presented the best results.
According to the same author, these approaches proved to be more adequate for filling gaps
in precipitation data in the Southwest Planning Region of Mato Grosso. Their results
reinforce the effectiveness of these techniques in overcoming the limitations of incomplete
data and providing reliable estimates of pluviometric conditions in this specific region of

the country.

Figure 3. Example of formatting and acquisition of pluvio
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For the calculation of gap filling using the Regional Weighting Method (PR), three
stations must be selected that have at least ten years of continuous data and are located
within a maximum distance of 130 km from each other.

According to Tucci (2020), the selected stations must not only be close enough to
estimate precipitation, but also located in climatological and geomorphological regions
similar to the station to be filled. The Regional Weighting Method (PR) is commonly used
to fill missing data in series of maximum daily precipitation on a monthly or annual basis.

For a station that presents gaps, these are filled using the following equation of the
Regional Weighting Method:

Px =1 x (¥2x Pa+ 22 x Pb +2= x Pc) Eq 1l

Px = precipitation of the station with the gap to be filled (mm);

Mx = mean of the station with the gap (mm);

Ma, Mb, Mc = mean of the neighboring stations without gaps (mm);

Pa, Pb, Pc = precipitation of the neighboring stations corresponding to the same year

of the gap (mm).

For the analysis in the sub-basin of Arroio Moreira/Fragata, data from four rainfall
observation stations in a hydrologically similar region of the State of Rio Grande do Sul
were used, with the 20 most recent years of annual maximum daily precipitation (Pdma)
observations, in which the Cordeiro de Farias Station presented gaps.

Table 2 presents the compilation of precipitation data, where the gaps to be filled
using the Regional Weighting Method are shown.

The development of the equation for the 1991 gap at the Cordeiro de Farias station

is carried out using the values indicated in Table 2 as follows:

P _1 X [(98’20 X 91 70) + (98’20 x 87 70) + (98’20 X 76 oo)]
1991 7 3 90,00 ’ 89,43 ’ 88,25 ’

Pig91 = 93,64mm
The results for the year 1991 are presented in Table 3. Subsequently, the procedure
will be applied to all gaps in the Cordeiro de Farias station throughout the years. Once all

gaps have been filled, the mean value for this station must be recalculated.
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Table 2. Maximum daily data for each year with ~ Table 3. Maximum daily data for each year with

gaps at the Cordeiro de Farias station. gaps filled at the Cordeiro de Farias station.
EstacBes (maximas didrias anuais) Estagfes (maximas didrias anuais)
Anos  Cordeiro de Farias Pelotas Camaqua Rio Grande -Regatas Anos  Cordeiro de Farias Pelotas Camaqua Rio Grande -Regatas
03152016 03152014 03051016 03252024 03152016 03152014 03051016 03252024
1986 85,00 105,80 106,80 82,20 1986 85,00 105,80 106,80 82,20
1987 88,20 105,40 111,80 118,00 1987 88,20 105,40 111,80 118,00
1988 93,40 76,40 51,20 59,00 1988 93,40 76,40 51,20 59,00
1989 74,20 52,80 49,60 50,00 1989 74,20 52,80 49,60 50,00
1990 114,60 78,20 80,40 80,30 1990 114,60 78,20 80,40 80,30
1991 @ 1991 91,70 87,70 76,00
1992 105,80 100,80 77,00 1992 103,93 105,80 100,80 77,00
1993 80,00 70,20 118,00 1993 98,56 80,00 70,20 118,00
1994 130,60 97,40 62,00 67,90 1994 130,60 97,40 62,00 67,90
1995 91,40 183,40 121,50 1995 145,44 91,40 18340 121,50
1996 97,80 152,10 98,20 1996 127,66 97,80 152,10 98,20
1997 92,90 86,80 80,30 1997 95,34 92,90 86,80 80,30
1998 66,90 101,40 106,80 66,60 1998 66,90 101,40 106,80 66,60
1999 99,80 63,50 67,30 1999 84,50 99,80 63,50 67,30
2000 82,20 76,90 92,50 2000 92,35 82,20 76,90 92,50
2001 105,10 66,60 87,60 60,20 2001 105,10 66,60 87,60 60,20
2002 128,50 69,80 76,60 118,30 2002 128,50 69,80 76,60 118,30
2003 83,70 125,60 78,10 103,80 2003 83,70 125,60 78,10 103,80
2004 92,40 78,50 122,40 2004 107,74 92,40 78,50 122,40
2005 110,00 83,80 86,80 118,00 2005 110,00 83,80 86,80 118,00
2006 92,90 80,40 75,80 2006 91,33 92,90 80,40 75,80
Médias 98,20 90,00 89,43 88,25 Medias 100,99 90,00 89,43 88,25

After completing the gap-filling process (Table 3) and calculating the mean of the
station with missing data, the records must be verified through consistency analysis. This
method is employed to assess the homogeneity of rainfall records, that is, to detect
anomalies in the rain gauge station, which may be due to relocation, instrument conditions,
or changes in the observation method.

The method consists of constructing a double cumulative curve, in which the
accumulated annual maximum daily precipitations of the rain gauge station with filled gaps
are related to the accumulated mean of the annual maximum daily precipitations of all
stations in the region, including the one with gaps, considered homogeneous from a
meteorological perspective. Consistency in the data series will be verified when a linear
trend is observed between the intersection of these accumulated maxima, evaluated through
the adjustment of the regression equation and the coefficient of determination (r?).

Table 4 provides the accumulated values of the analyzed stations and the mean of
these accumulations, which are used to construct the Double Cumulative curves, or the

Double Mass Method, as presented in Figures 5, 6, 7, and 8.
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Table 4. Accumulated values from the four rain gauge stations and the mean among the observation posts.
Estagdes (Acumulados)
Anos  Cordeiro de Farias Pelotas Camaqud Rio Grande -Regatas

Médias
03152016 03152014 03051016 03252024

1986 85,00 105,80 106,30 82,20 94,95
1987 173,20 211,20 218,60 200,20 200,80
1988 266,60 287,60 269,80 259,20 270,80
1989 340,80 340,40 319,40 309,20 327,45
1990 455,40 418,60 399,80 389,50 415,83
1991 549,04 510,30 487,50 465,50 503,08
1992 652,97 616,10 588,30 542,50 599,97
1993 751,53 696,10 658,50 660,50 691,66
1954 832,13 793,50 720,50 728,40 781,13
1995 1027,56 884,90 903,90 849,90 916,57
1996 1155,23 982,70  1056,00 948,10 1035,51
1997 1250,57 1075,60 1142,80 1028,40 1124,34
1998 1317,47 1177,00  1249,60 1095,00 1209,77
1999 1401,97 1276,80 1313,10 1162,30 1288,54
2000 1494,32 1359,00 1390,00 1254,80 1374,53
2001 1599,42 1425,60 1477,60 1315,00 1454,41
2002 1727,92 149540 1554,20 1433,30 1552,71
2003 1811,62 1621,00 1632,30 1537,10 1650,51
2004 1919,36 1713,40 1710,80 1659,50 1750, 76
2005 2029,36 1797,20 1797,60 1777,50 1850,41
2006 2120,69 1890,10 1878,00 1853,30 1935,52

It can be observed in Figures 4 to 7 that the adjustment of the double mass curves
at all stations demonstrated consistency through the linear trend of the lines, with an r?

value close to one (1.0), indicating an excellent fit.

Figure 4. Double cumulative curve of the Cordeiro  Figure 5. Double cumulative curve of the Pelotas

de Farias station and the mean, indicating station and the mean, indicating consistency through
consistency through the linearity of the points. the linearity of the points.
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If the points do not align along a straight line, it

which must be corrected.

indicates a lack of consistency,

A change in slope is one of the occurrences that determines two or more lines. It

represents a typical example of systematic errors, chang

es in observation conditions, or

modifications in the physical environment, such as climatic variations.

To consider the existence of a change in slope, it is common practice to require the

occurrence of at least five successive points aligned accor

The change in slope in the double mass analysis 1

ding to the new trend.

ine is the only error that can be

corrected. Figure 8 illustrates the change in slope in a double mass analysis and its

identifiers for applying the correction of this slope.

Figure 8. Variables of the slope adjustment equation for the desired trend line.
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Since the gap-filling in the sub-basin of Arroio Moreira/Fragata at the Ponte

Cordeiro de Farias station resulted in a linear trend, it was not necessary to apply the

correction equation for changes in slope. If the application of the equation had been

required, it is demonstrated below:
Pc = Pa + [(Z—Z) X (Pa — Pa*)]
Pc = Value of the point to be corrected (mm);
Ma = Slope coefficient of the desired trend;
Mo = Slope coefficient of the trend to be corrected
Pa = Accumulated value to be corrected (mm);

Pa = Value of the coordinate corresponding to th

(mm).

Eq 2

b

e intersection of the two trends

27



The slope coefficient of the line is obtained from the exponent of the variable “X”
in a power equation when adding the trend line to the double mass curve.

When the new trend of the line is calculated, the value of Pa* must be repeated in
the column of the new results.

Since no inconsistency was identified in the double mass analysis after the gap-
filling process, the next step is to apply the Gumbel analysis to calculate the recurrence

interval of the annual maximum daily series.

4 CALCULATION OF RECURRENCE INTERVALS USING THE
GUMBEL METHOD

The Gumbel method plays a crucial role in the transformation of rainfall data into
design flows, as it allows the estimation of extreme rainfall events associated with different
return periods, being essential for the safe sizing of hydraulic structures in river basins. The
Gumbel Method is a statistical frequency analysis technique that belongs to Extreme Value
Theory, and it is used to estimate the probable maximum rainfall associated with a given
return period (Tr). This method also enables the calculation and plotting of the intensity—
duration—frequency (IDF) curve for heavy rainfall events.

The Gumbel method has the advantages of requiring few parameters, ease of
calculation, appropriate application in hydrology, and acceptance by technical standards,
governmental manuals, and classical literature.

The Gumbel method is based on the principle that the largest annual rainfall (or
another annual extreme value) can be treated as a random variable that follows a probability
distribution, allowing the estimation of future extreme events based on historical data. In
the case of rainfall data, the highest daily precipitation of each year (Pdma) is used to obtain
probabilities associated with different return periods.

The principle of the method lies in obtaining a fault-free series of pluviometric data
consisting of the maximum daily precipitation of each year over a minimum of 10 years of
observations, calculating the mean and standard deviation of the series, fitting this series
to a Gumbel distribution—which mathematically describes the behavior of extreme
events—and using this distribution to estimate the rainfall value corresponding to any
desired return period (Tr).

The adjustment of the Gumbel distribution is carried out through equations for
calculating a reduced variable (b) for each year observed, as well as the calculation of the

return period (Tr) as a function of the reduced variable for each year. Additionally, by
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means of tabulation, a reduced variable (Yn) and a standard deviation (on) are obtained as

functions of the number of observations (n), which are then used in the calculation of the

reduced variable (b).

Ox

Yn

n

)

b=a—“><[x—(§—ax><—

Eq3

b = Reduced variable of the Gumbel distribution for calculating the return period

(Tr);

on = Standard deviation as a function of the number of observations (tabulated);

ox = Standard deviation of the series of maximum daily data for each year;

x = Observation of the maximum annual daily rainfall;

X= Mean of the maximum rainfall values in the data series;

yn = Reduced variable as a function of the number of observations (tabulated).

Table 5. Reduced variable (yn) and standard deviation (on) as a function of the number of observations
(Gumbel, 1958).

n m ( O ) n Yo On n Y On
8 04843 09043 35 10,5403 1,1285 64 00,3533 11793
o9 0.4502 09288 36 (0.541 1.1313 &6 0.5538 11514
L [4] 0,4952 0,9497 37 0,5418 1,1339 658 0,5543 1,1834
11 04996 09976 38 0,5424 1,1363 70 0,3548 11854
12 0,5035 0,9833 39 05430 1,1388 72 0,5552 1,1873
13 0,507 0,9972 40 0,5436 1,1413 4 0,5557 1,180
14 0,51 1,0085 41 0,5442 1,1436 76 0,5561 1,1906
15 0,5128 1,0206 42 05448 1,1458 78 05565 1,1923
16 0,5157 1,0316 43 00,5453 1,148 B0 00,5569 1,1938
17 0,5181 1,0411 LSl 0,5458 1,1499 B2 0,5572 1,1953
18 0,5202 1,0493 45 10,5463 1,1519 84 0,5576 1,1967
[ ),522 1.0 46 05468 1,1538 B 0,558 1,198
dj) @ 4T 05473 11587 88 03583 11994
21 0,5252 1,0696 48 0,5477 1,1574 20 0,5586 1,2007
2 0,5268 1,0754 49 0,5481 1,159 b 0,5589 1,2020
23 0,5283 10811 50 0,5485 1,1607 o4 05592 1,2032
24 0,5296 10804 31 05489 1.1623 S0 0,5595 1.2044
25 0,5305 1,0915 52 0,5493 1,1638 o8 0,5598 1,2055
26 0,5320 1,0961 AL 05497 1,1653 100 0,5600 1,2065
27 0,5332 1,1004 54 0,5501 1,1667 150 0,5646 1,2253
28 0,5343 1,1047 55 00,5504 11681 200 0,5672 1,236
29 0,5353 1,1086 6 0,5508 1,1656 230 05688 1,2429
3 05362 1,114 57 0,551 1,1708 300 0,5609  1,2479
3 0,531 1,1159 58 00,5515 1,1721 400 0,5714 1,2545
32 0,538 1,1193 5 0,5518 1,1734 500 0,5724 1,2588
EE] 0,5388 1,1226 G0 0,5521 1,1747 750 0,5738 1,2651
34 0, 5396 11255 62 0,.5527 11770 1000 05745 1 2685 |

After calculating the reduced variable,

according to the following equation:

1
TT':—_b
1—-e~€

Tr = Return period (years);

the recurrence

Eq 4

period is determined
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b = Reduced variable.

Using the results from Table 3, we will calculate the return period (Tr) based on the
averages of the annual maximum daily precipitation from the four observed stations. To do
so, we must follow the procedures of probability analysis by ordering the averages in
descending order, assigning a rank number to each, and only then calculating the reduced
variable (b) and, finally, the return period (Tr). A total of 21 average precipitation

observations and standard deviations were analyzed, with the parameters yn and on

extracted from Table 5. The calculations are presented in Tables 6 and 7.

Table 6. Annual daily maximums (mm) at the
four observation stations.

Table 7. Calculation of recurrence periods (Tr) for
each daily maximum in each observed year.

EstacSes (mdaximas didrias anuais) Anos Médias (mm}) Ordem Ordenados b Tr (anos
Anos Cordeiro de Pelotas Camaqud Rio Grande - L. 1986 94,95 1 135,43 @ )
Farias 03152016 03152014 03051016 _Regatas 03252024 | 1087 105,85 2 118,94 G,276D) C10,5
1986 85,00 105,80 106,80 82,20 94,9 1938 70,00 3 105,85 1,4194 4,65
1987 88,20 105,40 111,80 118,00 105,85 1989 56,65 4 100,26 1,0533 3,40
1988 93,40 76,40 51,20 59,00 70,00 1990 88,38 5 99,65 1,0135 3,29
1989 74,20 52,80 49,60 50,00 56,65 1991 87,26 6 98,30 0,9251 3,06
1990 114,60 78,20 80,40 80,30 88,38 1992 9,88 7 97,80 0,8923 2,97
1991 93,64 91,70 87,70 76,00 87,26 1993 91,69 8 96,88 0,8323 2,83
1992 103,93 105,80 100,80 77,00 96,88 1994 89,48 9 94,95 0,7058 2,57
1993 98,56 80,00 70,20 118,00 91,69 1995 135,43 10 91,69 0,4923 2,19
1994 130,60 97,40 62,00 67,90 89,48 199 118,94 11 89,48 0,3473 1,97
1995 145,44 S1,40 183,40 121,50 135,43 1997 88,84 12 88,84 0,3054 192
1996 127,66 97,80 152,10 98,20 118,94 1908 85,43 13 08,38 0,2753 188
1597 95,34 9280 8580 80,30 88,84 1999 78,78 14 87,26 0,2023 179
1998 66,90 101,40 106,80 66,60 85,43 2000 85,99 5 85,99 0,1190 170
1999 84,50 99,80 63,50 67,30 78,78 2001 79,88 16 85,43 0,0822 166
2000 92,35 82,20 76,90 92,50 85,99 2002 38,20 7 85,11 0,0614 164
2001 105,10 66,60 87,60 60,20 79,88 2003 97.80 18 79,88 10,2812 136
2002 12830 63,80 7660 11830 98,30 2004 100,26 19 78,78 -0,3532 132
2003 83,70 125,60 78,10 103,80 97,80 2005 09,65 20 20,00 09277 109
2004 107,74 92,40 78,50 122,40 100,26 2006 85,11 2 5665 18017 100
2005 110,00 83,80 86,80 118,00 99,65 Mediaz 9217
2006 91,33 92,90 80,40 75,80 85,1
P \/ n= 21
Médias 100,99 90,00 89,43 88,25 on= 10628
ox= 16,2337
yn= 0,5236

By numerically equating b and Tr, as an example, in the first and second rows we

will have:

1,0628 x || 135,43 92,17 (16 2337 0’5236) 3,3562
= — —_ X —- =

16,2337 ’ ’ ’ 1,0628 ’
_ 10628 x || 118,94 92,17 (16 2337 X 0’5236) = 22764
"~ 16,2337 ’ ’ ’ 1,0628 o

1
Tr = = 29,18 anos

(1 _ e_e—3,3562)
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1

Tr = (1 — e_e—2,2764—)

= 10,25 anos

After the calculations, a logarithmic line is plotted between the ordered values of
annual maximum daily mean precipitation and the return periods (Tr), along with the
generated logarithmic equation and the coefficient of determination (r?) (Figure 9). Since
the calculated return periods are relative to the sample period and dependent on the reduced
variable b, they do not result in integer values. As the design of hydraulic structures or
protection systems against extreme events requires predetermined integer Tr values, the
logarithmic equation generated by the line is used to determine precipitation values for Tr

of 2, 5, 10, 25, 50, and 100 years.

Figure 9. Linearization of one-day maximum precipitation using the Gumbel method.
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For a return period (Tr) of 2 years, we obtain the following annual maximum daily

precipitation:
Y = 20,272 - Ln(2) + 73,466 = 87,52 mm

The Pdma values for the other return periods (Tr) are presented in Table 9.

Precipitation values are observed over a single day, even after being adjusted using
the Gumbel method. This means that the collection of rainfall data is not carried out at
exact 24-hour intervals, making it necessary to apply corrections for 24-hour rainfall and
subsequently for shorter time intervals. This procedure is referred to as the rainfall
disaggregation function.

Rain gauge stations generally do not measure rainfall over short durations. In most
Brazilian municipalities, the data available from these stations consist of daily rainfall,

annual maximum rainfall, and sometimes monthly rainfall. However, the main methods for
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calculating design discharge require short-duration rainfall intensity, for example 1 hour,
30 minutes, 20 minutes, or 10 minutes, depending on the type of project.

Disaggregation allows the estimation of IDF (Intensity—Duration—Frequency)
curves, which are fundamental in hydrology and are used in urban drainage, culvert design,
dams, channeling, and flood control. Without disaggregation, it would not be possible to
construct these curves in most localities.

The analytical form of the disaggregation technique is found in the work of Robaina
and Peiter (1992), whose objective was to test the performance of a rainfall disaggregation
model, aimed at generating mean daily maximum precipitation for durations shorter than
24 hours.

The disaggregation function of Robaina and Peiter (1992) was developed when the
authors tested the performance of a model designed to estimate intense rainfall with
durations shorter than 24 hours in the State of Rio Grande do Sul, using rainfall data
collected by rain gauges. The function was conceived based on the assumption that there
should exist a mathematical expression defining the relationship between the annual
maximum precipitation for any given duration and the annual precipitation for the 24-hour
period.

f(t) =0,00008 xt+ 0,14 X In(1+ 0,33 X t) Eq.5

Where the duration time (t) must be expressed in minutes (min).

The disaggregation function allows the calculation of a transformation coefficient
for precipitation values over the desired time intervals, by simply inserting the time in

minutes into the variable t of the equation.

Table 8. Conversion values using the disaggregation function at different durations.

Duragdes DuragGes Coeficiente de

(h) {min) conversao
0,25h 15 0,2509
0,5h 30 0,3368
1h 60 0,4297
2h 120 0,5281
6h 360 0,6988
8h 480 0,7484
10h 600 0,7891
12h 720 0,8241
24h 1440 0,9784
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Table 9. Calculation of precipitation for the determined return periods (Tr) and disaggregation of one-day
rainfall.
Tempos de recorréncia (Tr) determinados

C2OCs D> 1w 25 50 100 500

Precipiat¢bes calculadas pela equacdo de reta com os Tr determinados

Duragdes Duracdes Coeficiente de

(h) (min) convers3o 0
87,52 10609 120,14 138,72 152,77 16682 199,45
0,25h 15 0,2509 21,96 2662 30,14 34,80 3833 41,85 50,04
0,5h 30 0,3368 29,48 3573 40,47 4672 5146 5619 67,18
1h 60 0,4297 37,61 4559 51,63 59,61 6564 71,68 8570
2h 120 0,5281 4622 5603 6345 73,26 80,68 8810 10533
6h 360 0,6988 7414 83,96 9694 106,76 11658 139,38
8h 480 0,7484 Ces,50) 79,40 89,92 103,82 114,33 124,85 149,27
10h 600 0,7891 69,06 83,71 9480 109,46 120,55 131,63 157,38
12h 720 0,8241 7212 87,43 99,01 11431 12589 137,47 164,36
24h 1440 0,9784 85,63 103,80 117,55 13573 149,47 163,22 19514

Using the logarithmic equation generated from the Gumbel distribution, the
maximum daily precipitation is calculated for each estimated return period (Tr). With this
precipitation value, the disaggregation coefficient is applied to the stipulated time intervals,
as shown in Table 9, thereby creating a sequence of duration intervals and their respective
rainfall values.

Calculation of the one-day maximum rainfall with return periods (Tr) of 2 and 5
years and its position in Table 9:

Y = 20,272 * LN(2) + 73,466 = 87,52mm
Y =20,272 « LN(5) + 73,466 = 106,09mm

Calculation of the disaggregation of the one-day maximum rainfall for durations of
24 hours and 12 hours, computed using the disaggregation function and indicated in Table
9:
Pr4n.2an0s = 87,52 X 0,9784 = 85,63mm
Pi2n.2anos = 87,52 X 0,8241 = 72,12mm

The calculations were carried out until Table 9 was completed, so that it becomes

possible to calculate precipitation intensity and subsequently plot the IDF curves.

5 CALCULATION OF INTENSITY-DURATION-FREQUENCY (IDF)
CURVES

The characterization of intense precipitation, whether in liquid or solid form, is
always conditioned by hydrological factors such as Duration, corresponding to the time

considered for the rainfall event which, in the case of river floods, may be on the order of
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hours or days, and in the case of hydraulic structures, hours or minutes Intensity, which
corresponds to the ratio between the precipitation depth and its duration, and Frequency,
generally expressed as an occurrence within a given number of years.

Precipitation intensity is given by the ratio between the volume or maximum depth
of rainfall and the time over which it occurred. Precipitation intensity has an inverse
relationship between the amount of rainfall in an event and the duration of that precipitation

within the same event.
P

i = - Eq6

1 = precipitation intensity (mm/h or mm/min);

P = maximum precipitation observed (mm);

t = duration of occurrence (h or min).

The intensity will be greater when a high volume of rainfall occurs within a short
time interval. Short durations are considered to be those between 10 and 30 minutes, during
which the maximum precipitation peak is reached quickly, and, in a watershed, there is no
time for infiltration, resulting in the entire precipitated volume being converted into surface
runoff.

The IDF curve is the mathematical relationship between a probable maximum
precipitation event that may occur within a given time interval, during a statistical period
of occurrence. It allows the estimation of maximum rainfall intensity for different durations
and return periods, based on historical series.

The IDF curve expresses the magnitude (mm/h or mm/min) of extreme precipitation
for different time scales and probability levels. This magnitude allows the identification of
whether a precipitation event has the potential to cause disturbances in a region or
watershed.

To obtain the flood volume or the maximum design discharge, it is necessary, after
determining the physiographic characteristics of the basin, to establish the precipitation
intensity for a given duration. This is carried out through the disaggregation of the
maximum one-day rainfall events recorded during the year and their frequency of
occurrence, defined by the return periods (Tr) under analysis, as well as their temporal
distribution, obtained from data collected at different stations within the same hydrological
region.

The calculation of rainfall intensities is performed using Table 9, based on the ratio

between precipitation adjusted by the correction factors obtained from rainfall
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disaggregation (Table 8). With these results, the Intensity—Duration—Frequency curves are

plotted.

Table 10. Calculation of rainfall intensities for durations shorter than 24 hours.

Intensidades e tempos de recorréncia (Tr)

Durag¢des {min)
yaN

25 100 500
2,32 2,56 3,34
1,56 1,72 2,24
0,99 1,09 1,43
0,61 0,67 0,88
0,27 0,30 0,39
0,22 0,24 0,31
0,18 0,20 0,26
0,16 0,17 0,23
0,09 0,10 0,14

As an example, four precipitation intensity curves (mm/min) indicated in Table 9
were plotted, corresponding to the sub-basin of Arroio Moreira/Fragata, using the same
durations applied in the disaggregation of the one-day maximum rainfall into intervals
shorter than 24 hours (Figures 10, 11, 12, and 13). On the X-axis, the durations (min) are

presented, and on the Y-axis, the intensities (mm/min), with a power-type trend line.

Figure 10. IDF for a 2-year return period Figure 11. IDF for a 5-year return period.
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Figure 12. IDF for a 10-year return period. Figure 13. IDF for a 50-year return period.
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For the use of IDF curves in hydraulic structure design, a return period is chosen
that is appropriate for the type of structure to be constructed. For simpler urban structures

such as culverts, storm sewers, gutters, and others intended to contain extreme events, it is
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common to adopt return periods between 5 and 10 years, which, in the case of IDF curves,
are represented by frequency.

Another criterion is associated with the size of the study basin, which must be such
that, at the time of precipitation, rainfall occurs uniformly across the entire basin area. In

this way, the rainfall duration is considered equal to the basin’s concentration time.

CONCENTRATION TIME (TC)

The time of concentration (Tc) of a watershed is the time required for the rainfall at
the most distant point of the basin to reach its outlet. In other words, it is the elapsed time
after the onset of precipitation during which the entire basin is simultaneously contributing
to the discharge at the outlet section.

The calculation of Tc is fundamental in a hydraulic project, as it defines the critical
rainfall duration for the estimation of floods caused by extreme events.

For the calculation of the time of concentration (Tc), there are several equations, all

of which meet the intended purpose. In this case, the Kirpich Equation will be used.
0,385

Tc = 57 X (g) Eq7

Tc = time of concentration (min);

L = length of the main channel (km);

H = elevation difference between the most distant point and the outlet (m).

For the calculation of the time of concentration (Tc), it is necessary to obtain the
length or extent of the thalweg (L) and the elevation difference between the most distant
point and the outlet. Geoprocessing is a tool that enables the determination of the
physiographic characteristics of a basin, as well as other coefficients that will be used in
the calculation of the maximum design discharge by the Rational Method.

Geoscience plays an essential role in this context by improving the determination
of method parameters such as land use and occupation data, slope, thalweg length, soil
maps, among others, which make the estimation of the runoff coefficient more accurate.
Digital terrain models (DTM) enhance the calculation of the time of concentration, and
remote sensing techniques increase the reliability of precipitation and landscape change
analyses (SILVA; TUCCI; MENDES, 2020).

For the calculation of the time of concentration in the Moreira/Fragata sub-basin,

located in the region of Pelotas, RS, which presents a thalweg length of 26,809.44 meters,

a maximum elevation of 286.00 meters, and a minimum elevation of 3.79 meters.
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26,809443
286,00 — 3,79

0,385
Tc=57x < > = 289,79 0u 4,83 h

With the result of Tc and using it as the rainfall duration, the precipitation intensity
can be obtained from the IDF curves shown in Figures 10, 11, 12, and 13. For the Arroio

Moreira/Fragata sub-basin, the curve with a 5-year return period (Figure 11) will be used

to determine the precipitation intensity (mm/min) when the rainfall duration is equal to Tc.

Figure 14. Graphical identification of rainfall intensity on the IDF curve.
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The intensity can be obtained by intersecting the time of concentration (Tc) on the
Duration axis (min) with the precipitation curve, then projecting onto the precipitation
intensity axis (mm/min) to estimate the value to be used in the Rational Method equation.
In this case, the estimated rainfall intensity was 0.21 mm/min.

Another way to determine it is by using the regression equation generated through
the insertion of the trend line, which allows for greater accuracy in the result, applying the
Tc value to the X variable.

i =13,185-289,797%71 = 0,23 mm/min

It can be observed that the results obtained from both processes were very similar;

therefore, both methodologies are suitable for determining rainfall intensity in hydraulic

structure design projects.

6 SURFACE RUNOFF COEFFICIENT (O)
The surface runoff coefficient (C), also referred to as the runoff or defluvium
coefficient, is a dimensionless number that ranges between zero (0) and one (1), indicating

the fraction of rainfall that is converted into surface runoff (JUNIOR, 2015).
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Escamento superficial

C= Eq 8

Precipitagio

The closer the value is to zero (0), the lower the surface runoff and the greater the
infiltration; conversely, the closer it is to one (1), the higher the surface runoff and the
lower the infiltration.

The surface runoff coefficient is directly related to the slope of the watershed, the
soil type, and the type of land cover present in the area.

"Impermeable areas tend to exhibit higher surface runoff coefficients than vegetated
areas; steeper slopes result in higher C values; rough surfaces with vegetation present lower
C values; and wetter soils tend to promote surface runoff over shorter time intervals,
generating higher C values.

An accurate estimation of the surface runoff coefficient enables more efficient and
safer designs, reducing effects that contribute to increased environmental impacts in the
face of extreme events.

Watersheds usually present more than one type of land cover, soil type, and slope;
therefore, these aspects must be taken into consideration. In this case, a weighted average
calculation of surface runoff is performed, where each variable is treated according to its
area of occupation.

The estimation of the surface runoff coefficient (C) involves the use of tables based
on surface characteristics, soil types, and slopes; however, these values may contain a
degree of subjectivity depending on the designer’s experience.

Modern techniques, such as the use of remote sensing and Geographic Information
Systems (GIS), have been employed to estimate more accurate values of C, as they can

easily express the correlation between slope, land use, and soil type.

C = CiXA1+CoxAr+CsxAs
~ _— At ann

Eq9

"C1 = runoff coefficient of Area 1 as a function of slope, soil type, and vegetation
cover; C2 = runoff coefficient of Area 2 as a function of slope, soil type, and vegetation
cover; C3 = runoff coefficient of Area 3 as a function of slope, soil type, and vegetation
cover; Al = Area 1 of the watershed;

A2 = Area 2 of the watershed;

A3 = Area 3 of the watershed,;

At = Total area of the watershed.

Table 11. Runoff coefficient (C) according to topography, land cover, and soil type (Daker, 1983).
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S t Forts t
Coberturado Tipo de Plana l:)anv:l:]:dr; € Ondulada Zn;:ll::ae Amorrada Montanhosa
Solo Solo 0-2,5% 5-10% 20-40% 40-100%
2,5-5% 10-20%
Argiloso 05 0,6 0,68 0,76 0,85 0,95
Culturas
anuais Franco 0,44 0,52 0,59 0,66 0,73 0,81
Arenoso 0,4 0,48 0,54 0,61 0,67 0,75
Argiloso 0,48 0,56 0,61 0,67 0,72 0,77
Culturas
Franco 0,34 0,41 0,46 0,52 0,56 0,64
permanentes
Arenoso 0,31 0,38 0,43 0,48 0,53 0,59
Argiloso 0,31 0,38 0,43 0,48 0,53 0,59
Pastagens
limpas Franco 0,27 0,33 0,37 0,42 0,47 0,5
Arenoso 0,25 0,3 0,34 0,38 0,42 0,46
Argiloso 0,22 0,26 0,29 0,32 0,37 0,41
Capoeiras  Franco 0,19 0,23 0,25 0,28 0,32 0,35
Arenoso 0,17 0,21 0,23 0,26 0,29 0,33
Argiloso 0,15 0,18 0,2 0,22 0,25 0,28
Matas Franco 0,13 0,16 0,18 0,2 0,23 0,24
Arenoso 0,12 0,14 0,16 0,18 0,2 0,22

Table 12. C value for rural areas (Tucci, 2004).

Tipo de area C

1 Topografia

terreno plano, declividade de 0,2-0,6 m/km; 0,30
terreno, declividade de 3-4 m/km; 0,20
morros, declividade de 30-50 m/km; 0,10
2 Solo

argila impermeavel; 0,10
permeabilidade média; 0,20
arenoso; 0,40
3 Cobertura

areas cultivadas; 0,10
arvores. 0,20

Table 13.C value adopted by the Sdo Paulo City Hall (Tucci, 2004).

Zonas

C

Edificagdo muite densa:

Partes centrals, densamente construida de uma
cidade com ruas e calgadas pavimentadas

0,70 - 0,95

Edificagdo ndo muito densa

Partes adjacente ac centre, de menor densidade de
habitagdes, mas com ruas e calgadas pavimentadas

0,60 -0,70

Edificagbes com peucas superficies livres:

Partes residenciais com construgdes cerradas, ruas
pavimentadas

0,50 - 0,60

Edificagbes com muitas superficies livres

Partes residencials com ruas macadamizadas ou
pavimentadas

0,25 - 0,50

Suburbies com alguma edificagéo

Partes de arrabaldes e sublrbios com pequena
densidade de construgio

0,10 - 0,25

Matas, parques e campos de esportes

Partes rurais, areas verdes, superficies arborizadas,
parques ajardinados, campes de espertes sem
pavimentagio

0,05 -0,10
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Table 14. C value (Tucci, 2004)

Superficie ¢
Intervalo Valor esperado

Pavimento:
Asfalto; 0,70-0,95 0,83
Concreto; 0,80-0,95 0,88
Calgadas; 0,75-0,85 0,80
Telhado; 0,75-0,95 0,85
Cobertura — grama solo arenoso:
Plano (2%); 0,05-0,10 0,08
Médio (2 — 7%); 0,10-0,15 0,13
Alta (7%); 0,15 - 0,20 0,18
Grama —solo pesado:
Plano (2%); 0,13-0,17 0,15
Médio (2 — 7%); 0,18-0,22 0,20
Alta (7%). 0,25-0,35 0,30

Table 15. Correction factor of C (Tucci, 2004).

Tempo de retorno (anos) Cf
2al0 1,00

25 1,10

50 1,20

100 1,25

3

Using data from the Arroio Moreira/Fragata sub-watershed, we obtained the
different classes of land use and land cover, the thalweg length, and the elevation
difference. Subsequently, the average slope of the sub-watershed was calculated, and

finally, the weighted average surface runoff coefficient was determined.

o 286,00 — 3,79
declividade (%) = 26809 44 x 100 = 1,05%

The soil present in the region of the Arroio Moreira/Fragata sub-basin is classified
as Planosol, with a sandy loam texture, which is considered medium.

With this information, we can, in a simplified manner, determine the average
surface runoff coefficient of the basin by initially constructing a table that cross-references
these data and associates Tables 11, 12, 13, and 14 to obtain the tabulated C value for each
type of land cover. Thus, it is possible to calculate the weighted average C coefficient as

described below.
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Table 16. Determination of the surface runoff coefficient (C) for each land use and occupation.

Uso e Ocupagdo Area (km?) Declividade (%) Solo C(Tabelado)
Mata 39,102 1,05 Meédio 0,13
Pastagem 79,464 1,05 Médio 0,27
Cultivo 20,448 1,05 Médio 0,34
Solo Exposto 21,312 1,05 Médio 0,40
Urbanizacdo 5,673 1,05 Médio 0,83
Agua 2,355 1,05 Médio 0,00
Banhado 3,587 1,05 Médio 0,00

(39,102 x 0,13) + (79,464 x 0,27) + (20,448 x 0,34) + (21,312 x 0,40) + (5,673 X 0,83) + (2,355 x 0) + (3,587 x 0)
171,941

C=0,272

£=

7 RATIONAL METHOD FOR PEAK DISCHARGE CALCULATION

The calculation of the design peak flow is important for flood control, sizing of
culverts, storm sewers, pumping systems, channels, pipelines, spillways, levees, and other
hydraulic structures.

The calculation of peak discharge in small watersheds using the Rational Method is
one of the simple and rapid approaches to manage the planning and design of drainage
systems capable of preventing floods and reducing environmental impacts in both urban
and rural areas (CHOW, MAIDMENT, MAYS, 1988).

The basic principles of the Rational Method are to consider the duration of the
design storm equal to the basin’s time of concentration (Tc), to adopt a single surface runoff
coefficient (C) estimated based on the watershed characteristics, and to note that the

method does not evaluate the flood volume or the temporal distribution of discharges.

C.I.A
Qmax =54 Eq 10

Q = Design peak discharge (m?/s).

I = Average rainfall intensity over the basin, with duration equal to the basin’s time
of concentration (mm/h).

A = Drainage area of the basin (km?).

C = Runoff coefficient.

In this way, the integration of hydrology, geotechnologies, and environmental
planning strengthens the capacity for protection, prevention, and control of hydrological
impacts, simultaneously meeting engineering technical requirements and global socio-
environmental gobals.

With the variables already obtained, we can insert them into the equation for

calculating the design peak discharge using the Rational Method as follows:
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Rainfall intensity (I) = 0.23 mm/min

Sub-basin area (A) = 171.941 km?

Surface runoft coefficient (C) = 0.272

Return period (Tr) = 5 years.

Since we are using a return period of 5 years, it is not necessary to correct the surface
runoff coefficient, according to the coefficients in Table 15. If the adopted return period is
greater than 10 years, the calculated C must be multiplied by Cf from Table 15.

(0,272 x 1) x (0,23 x 60) x 171,941 m3
Max = 36 = 179,23 T

In the equation, the surface runoff coefficient is multiplied by 1 because Cf for a

return period (Tr) of 2 to 10 years has this value (Table 15). The rainfall intensity is

multiplied by 60 to convert from mm/min to mm/h.

8 CONCLUSION

Using the Rational Method to calculate the design peak discharge for the Arroio
Moreira/Fragata sub-watershed, a Qmax of 179.23 m?/s was obtained.

When hydraulic structure calculations are carried out, this value should be used for

the design, such as spillways, channels, pumping stations, pipelines, among others.
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CHAPTER 2:
LYOPHILIZATION VERSUS LIQUID-LIQUID EXTRACTION IN THE
CHROMATOGRAPHIC ANALYSIS OF PYROLIGNEOUS LIQUID

Giani Mariza Britzius Barwald, Fabio Pereira dos Santos de Castro, Pedro José Sanches Filho

ABSTRACT

The use of biomass is a growing alternative for the reuse of agro-industrial residues. In this
context, lignocellulosic biomasses can be converted by pyrolysis to obtain charcoal, gas, and
bio-oil or pyroligneous liquid (PL), which presents a predominantly aqueous matrix. Several
techniques have been applied to characterize its composition and, thus, evaluate its use;
therefore, the aim of this study was to evaluate liquid—liquid extraction (LLE) and lyophilization
(LYO) combined with gas chromatography coupled to mass spectrometry (GC/MS) to
characterize the compounds that constitute the pyroligneous liquid obtained from peach pits.
The pyroligneous liquid characterized was obtained on an industrial scale, operating within a
temperature range of 500 °C. For LLE, 1.0 mL of pyroligneous liquid were extracted with
dichloromethane (DCM), dried with Na.SO4 and evaporated to 0.5 mL. For lyophilization, 200
uL were frozen for 24 hours and lyophilized for 24 hours under a pressure of 218 um Hg and a
temperature of —58 °C. The samples from both methods were derivatized with 30 uL of N-
methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) and analyzed by gas chromatography.
The samples prepared by LYO showed a predominance of 39.57% acids, 35.02% alcohols and
17.27% phenols, whereas those obtained by LLE presented 39.1% phenolic compounds, 25.4%
acids and 20.7% alcohols. The preparation method using the LYO technique proved to be
efficient and reproducible, allowing a reduction in the use of organic solvent and resulting in
less waste generation.

Keywords: Agroindustrial waste; Extraction; Liquid Pyrolysis; Sample preparation;
Thermoconversion.

1 INTRODUCTION

The use of lignocellulosic biomass has emerged as a sustainable alternative for the
valorization of agro-industrial waste. Among these residues, peach stones, generated in
large quantities by the fruit-processing industry, constitute a recalcitrant material whose
improper disposal can lead to environmental impacts. Their thermochemical conversion,
particularly through pyrolysis, yields charcoal, gases and a bio-oil composed of an oily
fraction and an aqueous fraction known as pyroligneous liquid.

Pyroligneous liquid is a chemically complex matrix containing hundreds of
oxygenated compounds derived from the thermal degradation of cellulose, hemicellulose
and lignin. This complexity demands suitable analytical approaches for proper
characterization, especially gas chromatography coupled with mass spectrometry
(GC/MS). However, sample preparation plays a crucial role in analytical performance due

to the high polarity and hydrophilic nature of the matrix.
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In this context, two methods are commonly employed for preparing samples for
GC/MS: liquid-liquid extraction (LLE) and lyophilization (LYO). LLE uses organic
solvents to extract target compounds but shows limitations when dealing with highly polar
analytes. Lyophilization, in turn, removes water by sublimation, preserving thermally
sensitive compounds and broadening the chemical profile detectable by GC/MS.

Therefore, the aim of this study was to compare LLE and LYO as sample
preparation strategies for the aqueous phase of the pyroligneous liquid obtained from
peach-stone pyrolysis, evaluating their influence on the qualitative and quantitative

characterization of compounds by GC/MS.

2 THEORETICAL FRAMEWORK
2.1 LIGNOCELLULOSIC BIOMASS AND AGRO-INDUSTRIAL WASTE GENERATION

Lignocellulosic biomasses are among the main renewable alternatives for the
valorization of agro-industrial waste due to their wide availability and potential for
generating high-value bioproducts (KHAN et al., 2023). Their structure is predominantly
composed of cellulose, hemicellulose and lignin, whose proportions vary among plant
species and determine the thermal behavior of the biomass during conversion processes
(LU; WU, 2012; VAN de VELDEN et al., 2010).

Peach stones, generated on a large scale by the food industry, represent a recalcitrant
residue with slow natural degradation, justifying the growing interest in their use as a
feedstock for thermochemical processes (KHAN et al., 2023). Studies indicate that
lignocellulosic materials from agricultural residues such as shells, pits, and fibers, present

an adequate composition for pyrolysis and carbonization (MORAES et al., 2012).

2.2 PYROLYSIS: PRINCIPLES AND PRODUCTS

Pyrolysis is a thermocatalytic process that promotes the thermal decomposition of
biomass in the absence of oxygen, generating three main fractions: gases, bio-oil and
charcoal (ARAZO etal., 2017). Carbonization occurs at lower temperatures (up to 400 °C),
whereas pyrolysis operates at higher temperatures and produces a broader diversity of
volatile products (ARAZO et al., 2017).

The liquid fraction obtained from pyrolysis consists of an oily phase (bio-oil) and
an aqueous phase known as pyroligneous extract or pyroligneous liquid (PESENTI, 2021).

This aqueous phase may contain more than 200 compounds—mostly oxygenated—derived

47



from the thermal breakdown of hemicellulose, cellulose and lignin (BETEMPS et al., 2017;
SANCHES FILHO et al., 2017; ZHOU et al., 2023).

Its constituents include carboxylic acids (such as acetic and lactic acids), lignin-
derived phenols (catechol, guaiacol, cresols), aldehydes, ketones and polyoxygenated
alcohols (DIAS, 2021; SONG et al., 2014). The diversity and complexity of this matrix

highlight the need for robust and selective analytical methodologies.

2.3 AQUEOUS PHASE OF BIO-OIL: COMPOSITION AND ANALYTICAL
CHALLENGES

The aqueous phase of bio-oil, also known as pyroligneous liquor, is characterized
by high concentrations of oxygenated compounds, strong polarity and pronounced acidity
(PESENTI, 2021; DIAS, 2021). Such attributes create significant analytical challenges,
particularly due to: the incompatibility between hydrophobic solvents and the highly polar
matrix; the low volatility of many analytes, which complicates GC/MS detection e; the
presence of highly polar compounds, such as sugars and hydroxylated acids, which often
exhibit low recovery in classical extraction methods (BETEMPS et al., 2017; SANCHES
FILHO et al., 2020).

The literature shows that lignin-derived compounds are preferentially extracted by
organic solvents, whereas hemicellulose- and cellulose-derived compounds are better
recovered using gentle water-removal techniques such as lyophilization (RUIZ-MATUTE
etal.,2011; ZHOU et al., 2023).

2.4 SAMPLE PREPARATION METHODS FOR GC/MS
2.4.1 Liquid-Liquid Extraction (LLE)

Liquid-liquid extraction is widely applied for preparing samples destined for
chromatographic characterization of the aqueous phase of bio-oil, typically employing
solvents such as dichloromethane (DCM) (SANCHES FILHO et al., 2020; BETEMPS et
al., 2017). The technique is based on the partition coefficient of analytes between the
aqueous and organic phases. However, several authors highlight significant limitations of
LLE in pyroligneous liquids: solvent saturation due to the high organic load (BETEMPS
et al., 2017); low extraction efficiency for highly polar compounds (SANCHES FILHO et
al., 2020); analyte losses during solvent evaporation, particularly for volatile phenols

(BRIDGWATER, 2012) e analytical discrimination against less hydrophobic compounds.

48



Despite these limitations, LLE is particularly efficient for extracting lignin-derived
phenols—such as guaiacol, cresols and catechol, widely reported in pyrolysis products

from peach stones (MORAES et al., 2012; FARRAPEIRA et al., 2021).

2.4.2 Lyophilization (LYO)

Lyophilization has gained prominence as a sample preparation technique for
GC/MS due to its ability to remove water from the matrix via sublimation, avoiding thermal
and chemical degradation (BALDACONI, 2021). According to Sanches Filho et al. (2020),
this method enhances the recovery of: short-chain carboxylic acids, polyoxygenated
alcohols, sugars and sugar-derived compounds e thermally sensitive analytes.

During lyophilization, water transitions directly from solid to gas without passing
through the liquid phase, decreasing the loss of volatiles and minimizing secondary
reactions such as oxidation or condensation (RUIZ-MATUTE et al., 2011).

Studies involving different types of biomass have demonstrated that lyophilization
yields a more representative chemical profile of the original aqueous phase, providing
broader and less selective chromatographic fingerprints (SANCHES FILHO et al., 2020;
DE SOUSA et al., 2025).

2.5 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC/MS)

GC/MS is one of the most widely used techniques for the characterization of bio-
oils and their aqueous fractions due to its high sensitivity and ability to identify compounds
through mass spectra (BETEMPS et al., 2017; SANCHES FILHO et al., 2017). However,
its performance depends strongly on sample preparation, since low-volatility or highly
polar analytes need to be derivatized to increase their thermal stability and
chromatographic response.

Derivatization with MSTFA is a well-established approach for enhancing the
detection of acids, phenols and sugars (BETEMPS et al., 2017; SANCHES FILHO et al.,
2020). The identification of compounds is typically performed by comparing retention
times and mass spectra with NIST and WILEY libraries, considering similarity indices

above 80% as acceptable (FARRAPEIRA et al., 2021).
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3 MATERIALS AND METHODS
3.1 REAGENTS

The solvent used for the extraction of the aqueous phase was chromatographic-
grade  dichloromethane (DCM). For sample derivatization, = N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) was employed. A mixture of phenolic
standards (phenol, o-cresol, p-cresol, m-cresol, vanillin, 2-methoxyphenol, 2-ethylphenol,
3-ethylphenol, 4-ethylphenol, 2-methoxy-4-vinylphenol) was also used. All reagents were
purchased from Supelco — Sigma Aldrich.

3.2 PYROLIGNEOUS LIQUID PRODUCTION AND SEPARATION

Peach stones, a by-product of fruit processing, were obtained from local suppliers
in the city of Pelotas, Rio Grande do Sul (RS), Brazil. The almond was separated from the
lignified endocarp using a mechanical lathe. The endocarp was ground in a knife mill and
sieved in a vibrating mesh system. Particles smaller than 2 mm were dried at 105 °C for
one hour.

For pyrolysis, 20 g of dried endocarp were placed inside a steel reactor. The heating
operation was conducted over 6 hours, with a ramp of 30 °C min™" until reaching 500 °C,

using nitrogen (35 mL min™') as carrier gas.

3.3 TREATMENT OF THE AQUEOUS PHASE (AP)
To analyze the compounds present in the pyroligneous liquid by gas
chromatography, two sample preparation methods were compared: liquid—liquid extraction

(LLE) with DCM and lyophilization (LYO).

3.3.1 Liquid-Liquid Extraction (LLE)

A 1.0 mL aliquot of pyroligneous liquid (PL) was submitted to liquid—liquid
extraction in a test tube with 5 mL of DCM. The extraction was performed three times. The
combined organic phases were dried over sodium sulfate (Na,SO,) and evaporated to 1.0
mL. A 200 pL aliquot of this extract was transferred to a vial, derivatized with 30 pL of
MSTFA, and the final volume was adjusted to 1 mL with DCM (SANCHES FILHO et al.,
2020). Figure 1 shows the process performed for the analysis of the sample treated by LLE.

The process consisted of extraction with DCM; separation of the solvent from the sample
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by decantation; drying to eliminate aqueous residues; derivatization and analysis by

GC/MS.

1mLofPL —»

Figure 1. Stages of the liquid—liquid extraction process (LLE).

LLE Percolation in Na SO, DCM volume
5 mL of DCM anhydrous to remove | — | reduction to 1 mL in GC/MS
repeated 3 times the residual water gentle nitrogen flow 4[
Volume

Separation of DCM
extracts by decantation | —
an siphoning

DCM extracts were
combined

Derivatization 30 pL

of MSTFA sand bathy ~—>  completed to 1.0
60 °C/ 45 min mL with DCM

3.3.2 Lyophilization (LYO)

For lyophilization, a Liotop L101 freeze dryer was used. A 200 pL aliquot of PL

previously frozen in an ultra-low-temperature freezer was placed directly in a vial and

lyophilized for 24 hours under 218 um Hg and —58 °C. Figure 2 shows the process

performed for the analysis of the sample by LYO. The process consisted of freezing the

pyroligneous liquid; lyophilization; derivatization and analysis by GC/MS.

200 pL of PL —

Figure 2. Stages of the lyophilizati

on process (LYO).

LYO

Freeze (-80 °C) in the same
vial for chromatographic
analysis

!

Lyophilization 24 hours
pressure 218  pHg| —
Temperature -58 °C

Derivatization and Solubilization
sample lyophilized

sand bath/ 60 °C/ 45 min

Volume

completed to 1.0 ——
mL with DCM GC/MS

T

200 pL DCM
30 pL of MSTFA

3.3.3 Analytical Procedure

Blank analyses were carried out in parallel with each extraction method: 1.0 mL of
distilled water for LLE and 200 pL of pre-frozen distilled water for LYO. Limits of

detection (LOD) and quantification (LOQ) were estimated based on repeated injections of

these blanks, calculated using 3- and 10-fold the standard deviation of the blank signal
divided by the slope of the analytical curve (BETEMPS et al., 2017; BRITO et al., 2003).

51



Corrections were applied for analytes with recovery below 70%. Blanks were subjected to
the same steps as real samples.

Method recovery was evaluated following Sanches Filho et al. (2020). Fresh
samples were prepared under the same experimental conditions but fortified with 100 mg

L' of the phenolic standard mixture. Recoveries were calculated according to Equation 1:

Recovery(%)= ((ACF — ACNF)/CAA) * 100 eq. 01
Where: ACF = analyte concentration in the fortified sample; ACNF = analyte
concentration in the non-fortified sample; CAA = added analyte concentration.

Precision was evaluated by the relative standard deviation (%RSD) of triplicates.

3.4 GC/MS ANALYSIS

A 1 pL aliquot of each extract, fortified and non-fortified, was injected in split mode
(1:20) in a Shimadzu QP2010 Ultra GC/MS equipped with an RTX-5MS column (30 m X
0.25 mm % 0.25 pm).

Injector and interface temperatures were maintained at 280 °C, and ion source
temperature at 200 °C. The oven temperature program was as follows: initial temperature
of 60 °C (held for 5 min); increase of 8 °C min~' to 160 °C; followed by 3 °C min™" to 300
°C, with a final hold of 15 min. Analyses were performed in SCAN mode (70 eV).

Compound identification was performed through comparison of retention times and
mass spectra with the NIST and WILEY libraries, accepting matches with similarity above
80%. Relative percentages were calculated from the integrated peak areas.

For quantification of fortified samples, analytical curves (10—200 mg L") of the
phenolic standard mixture were constructed. Chromatographic precision was assessed
using %RSD from five consecutive injections of a 20 mg L! derivatized phenolic standard

solution.

4 RESULTS AND DISCUSSION

The merit figures summarized in Table 1 show that the lyophilization (LYO)
method exhibited superior performance compared to liquid-liquid extraction (LLE).
Correlation coefficients (R) ranged from 0.959 to 0.995, indicating excellent linearity for
all analytes. LOD and LOQ values were adequate for the concentration ranges typically

found in the aqueous phase of bio-oils, ensuring reliable detection of phenolic compounds.
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Chromatographic precision was satisfactory, with %RSD values between 1.7% and 5.4%,

meeting the requirements for GC/MS analyses (BRITO et al., 2003).

Table 1: Merit figures for the chromatographic method and comparative recoveries of LYO and LLE.

RSD LDmg LQm Rsd
Analyte a b o, ER% ] g T £ LYO Rsd% LLE 0,
Phenol 25332 35,124 0989 29 39 012 04 448 173 323 20,1
o-cresol 60,252 110,287 0976 3,1 42 0,1 033 741 40 689 193
p-cresol 48,105 102,357 0974 25 27 0,13 043 928 195 739 187
m-cresol 47362 108349 0995 1,7 37 0,11 036 942 207 646 175
2-ethyl phenol 49,951 112,304 0991 3,1 29 0,12 04 925 205 792 188
4-ethyl phenol 49,157 101,997 00969 29 48 0,09 0.3 962 119 803 18,7
Z-methoxy- 04 4o 123524 0992 2.6 2.5 0,57 1,88 1007 5.6 763 156
phenol
3-ethyl phenol 48,751 106,249 0,968 32 3.8 0,23 076 1172 13,7 802 193
2methoxy-dvinyl - )¢5 17058 0976 49 54 0.15 0.5 923 143 953 1972
phenol
Vanilin 33254 49325 0,959 41 46 0,2 040 1184 12,7 992 12,3

Recoveries obtained via LYO were above 70% for most analytes, confirming the

efficiency of this method in preserving compounds during sample preparation. Only phenol
showed lower recovery (44.8%), which can be attributed to its high volatility and low molar
mass, factors that enhance losses during sublimation.

Other phenolic compounds, such as cresols, guaiacols and syringols, presented
recoveries between 74.1% and 118.4%. Recoveries higher than 100% are common in
complex matrices such as pyroligneous liquids, often resulting from matrix effects that
enhance analytical response. These findings align with the work of Sanches Filho et al.
(2020), who also reported recoveries between 60.6% and 124.3% when applying LYO to
aqueous phases of bio-oils derived from rice husk.

In contrast, LLE showed lower and more variable recovery values. Phenol again
exhibited the lowest recovery (32.3%), reinforcing the vulnerability of this compound to

losses during handling. Recoveries for the remaining analytes ranged from 64.6% to
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99.2%, though with greater variability in %RSD, likely due to multiple extraction steps,
drying with inorganic salts and evaporation of the solvent.

According to Betemps et al. (2017) and Sanches Filho et al. (2020), LLE commonly
results in: solvent saturation due to high organic content, limited extraction of highly polar
compounds, analyte losses during solvent evaporation e, analytical discrimination caused
by hydrophilic matrices.

Overall, the results confirm that LYO is the most suitable method for
chromatographic characterization of the aqueous phase of pyroligneous liquids. It provides
higher and more consistent recoveries, better preservation of volatile and oxygenated
compounds and reduced analytical discrimination, features especially relevant for highly

hydrophilic matrices.

Figure 3. Distribution of chemical classes (LYO).

LYO
50,0
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40,0 35,0294
30,0
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1
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Inoganic acid Alcohol Aldehyde Ketona NI

Samples prepared via LY O exhibited a predominance of carboxylic acids (39.57%),
followed by polyoxygenated alcohols (35.02%) and phenols (17.27%) (Figure 3). This
profile indicates that lyophilization favors the recovery of hydrophilic and highly
oxygenated compounds, consistent with mild water removal by sublimation. This
mechanism minimizes losses of volatile analytes and reduces the risk of secondary
reactions.

The high proportion of acids reflects typical behavior of aqueous phases of bio-oils,
commonly enriched with acetic, glycolic, lactic and butanoic acids (DIAS, 2021; ZHOU
et al., 2023). The expressive presence of alcohols, including diols and triols, indicates
extensive degradation of cellulose and hemicellulose, forming compounds such as
glycerol, ethylene glycol and furfuryl alcohols (SONG et al., 2014).

Phenols, although less abundant in LYO samples, remain important markers of
lignin decomposition. Their lower relative abundance indicates partial loss of volatile

phenolic compounds during sublimation, a trend also observed in other LY O-based studies.
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Additionally, the presence of sugars (3.24%) demonstrates the ability of lyophilization to
preserve thermally sensitive carbohydrates and oligosaccharides.

Figure 4 shows that in the liquid-liquid extraction method, there was a
predominance of phenols (39.1%), followed by acids (25.4%) and alcohols (20.7%). This
behavior is in agreement with the literature on bio-oils from fast pyrolysis and agricultural
waste pyrolysis (Betemps et al., 2017; Sanches Filho et al., 2017), in which phenolic
compounds exhibit high affinity for organic solvents such as dichloromethane (DCM),

justifying their predominance.

Figure 4. Distribution of chemical classes (LLE)
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Extraction with DCM favors the transfer of relatively less polar compounds,
especially phenols derived from lignin degradation (such as guaiacol, cresols, and
catechol), explaining the significant increase of this class compared to LYO. Studies show
that phenols are more efficiently recovered by chlorinated solvents, which have an
intermediate affinity for oxygenated aromatic molecules (Bridgwater, 2012; Moraes et al.,
2012).

On the other hand, the lower values for acids and alcohols reflect the limitation of
LLE in extracting highly hydrophilic and polar compounds. This occurs due to the
saturation of the organic solvent and the low partition of very polar compounds into the
organic phase, as already described in similar methodologies applied to the aqueous phase
of bio-oils (Betemps et al., 2017; Sanches Filho et al., 2020).

Another relevant aspect is the near absence of sugars and inorganic acids, indicating
that the solvent is not capable of extracting such compounds, which reinforces the low
efficiency of LLE in the integral recovery of the components of the aqueous fraction.

The comparison between Figures 3 and 4 reveals clear trends: LYO preferably
recovers highly oxygenated compounds, such as acids, alcohols, and sugars, due to the

gentle removal of water and the absence of solvent manipulation steps, which can cause
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losses or discrimination. In contrast, LLE favors phenolic compounds due to the affinity of
these compounds for dichloromethane but loses a significant portion of the more
hydrophilic compounds.

Thus, the class distribution obtained by LY O is more representative of the original
composition of the pyroligneous liquor, while LLE provides a more selective, yet limited,
chemical spectrum. These results reaffirm what has already been observed in studies on
the characterization of the aqueous phase of bio-oils: methods without the use of solvents
(such as LYO) tend to preserve greater chemical diversity, while extractive techniques

introduce selectivity and potential losses (Sanches Filho et al., 2020; Zhou et al., 2023).

Table 2. Results by the LYO method, with a similarity greater than 80% and an area greater than 1%.

Name RT (start) RT (end) % Area Function
1 Butanoic acid 27.800 27.940 1,16 Acid
2 Glycerol 23.730 23.850 1,27 Alcohol
3 Benzoic acid 22.350 22.475 1,67 Acid
4 Phosphoric acid 23.610 23.730 1,68 Acid
5 Deoxyribopyranose 33.215 33.360 1,97 Sugar
6 5-Hydroxy-n-valeric acid 25.275 25.440 2,94 Acid
7 2-Hidroxi propanoic 15.315 15.470 3,07 Acid
1,2-Etanodiol 10.920 11.115 3,39 Alcohol
2-Hidroxi butanoic 18.235 18.440 4,33 Acid
10 2,6-Dimethoxyphenol 27.195 27.380 4,39 Phenol
11 Butanoic acid 22.200 22.350 6,90 Acid
12 1,2,5 pentanotriol 30.340 30.530 9,18 Alcohol
13 2-Hydroxi etanoic 15.985 16.175 9,75 Acid
14 1,2-Benzenediol 24.730 24.900 10,28 Phenol
15 Tetrahydro-2-furanylmethanol 18.865 18.945 17,93 Alcohol

The semiquantitative analysis of the organic fraction obtained by the LY O method

revealed the presence of 15 compounds with an area greater than 1% and similarity above
80%, highlighting a set formed by carboxylic acids, polyoxygenated alcohols, lignin-
derived phenols, and sugars or their pyrolysis products, reflecting the typical chemical
pattern of bio-oils obtained from the pyrolysis of lignocellulosic biomass. The
predominance of these compounds is associated with the thermal decomposition of

hemicellulose, cellulose, and lignin, which originate highly oxygenated and hydrophilic
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molecules, which tend to concentrate in the aqueous phase after condensation. This
behavior is widely described in recent studies on the characterization of the aqueous phase
of bio-oils (Zhou et al., 2023).

Carboxylic acids constituted the most expressive class in the sample, including
structures such as short-chain acids and hydroxylated acids. The literature shows that this
class can represent significant fractions of the aqueous phase, being responsible for
properties such as high acidity, corrosivity, and thermal instability. Acids such as acetic,
lactic, glycolic, and butanoic are widely reported in biomass pyrolysis and play a central
role in the reactivity of the matrix, in addition to presenting potential in bioconversion
routes (Dias, 2021).

The presence of polyoxygenated alcohols, including diols, triols, and furanic
derivatives, indicates intense participation in the degradation of structural carbohydrates,
especially cellulose and hemicellulose. Compounds such as glycerol, ethylene glycol, and
furanic alcohols are frequently identified in the aqueous phase of bio-oil and have
technological relevance as chemical intermediates. This class is also associated with the
high solubility of the fraction and the strongly hydrophilic character observed in matrices
originating from the fractionation of bio-oils (Song et al., 2014).

The phenols observed in the sample, including catechol, guaiacol, and syringol in
their derivatized forms, are classic markers of lignin degradation. These compounds appear
in a lower proportion than acids but are structurally important due to their high reactivity
and potential added value. Studies show that phenolic compounds recovered from the
aqueous phase can be used as antioxidants or chemical intermediates in bioproducts,
reinforcing the importance of this class for the integral utilization of bio-oils (Zhou et al.,
2023).

The detection of sugars and derived oligosaccharides, frequently converted during
derivatization, indicates that lyophilization was effective in preserving thermally sensitive
molecules, such as: levoglucosan, glucose, and pyranose derivatives, which frequently
degrade or are not extracted by traditional methods like LLE. Studies show that
derivatization processes, when combined with gentle drying techniques like LYO, increase
the efficiency of carbohydrate detection in GC-MS analyses, which reinforces the role of
lyophilization as a strategic analytical tool for the characterization of bio-oils (Ruiz-Matute
et al., 2011).

Thus, the results obtained demonstrate that the LYO method provides a broader

chemical profile and is richer in highly oxygenated compounds, highlighting its suitability

57



for qualitative and semiquantitative analyses of aqueous phases of pyroligneous liquors,
and confirming its potential as an efficient and sustainable alternative compared to
conventional sample preparation techniques (De Sousa et al., 2025).

The semiquantitative composition obtained by the LLE method shows that the
pyroligneous liquor derived from the pyrolysis of peach stones has a complex chemical
profile, mainly consisting of phenols, carboxylic acids, alcohols, in addition to smaller
proportions of aldehydes and ketones. This set of compounds is characteristic of bio-oils
obtained from lignocellulosic biomass, reflecting the thermal degradation of the three
structural biopolymers: lignin, hemicellulose, and cellulose. The predominance of phenols
and acids observed in the sample is consistent with the thermal behavior of fruit endocarps
of the Prunus genus, widely reported in the specialized analytical pyrolysis literature

(Farrapeira et al., 2021).

Table 3- Results by the LLE method, with a similarity greater than §0% and an area greater than 1%.

%Are
Name RT (start)  RT (end) a Function

1 (2-methylpropanol 5.103 2226589 7,1 Alcohol
2 Butanoic acid 5.490 1657781 5,3 Acid

3 3-Hydroxy-2-butanone 5.551 368710 1,2 Ketona
4 Butanoic acid, 4-hydroxy- 6.559 392571 1,3 Acid
5 (2-methylbutanol 6.758 452226 1,5 Alcohol
6 2-Butenoic acid, tert 7.428 394661 1,3 Acid
7 Butanoic acid, 2-0xo-, 9.321 2151116 6,9 Acid

8 phenol 14.443 1701377 5,5 Phenol
9 Pentanoic acid, 4-0xo-, 18.277 414583 1,3 Acid
10 4-methylphenol 18.430 583101 1,9 Phenol
11 Silane, trimethyl[(tetrahydrofurfuryl)oxy]- 18.853 3234914 10,4  Alcohol

2,4-Hexadienoic acid, tert-butyldimethylsilyl

12 ester, (E,E)- 20.755 1572596 5,0 Acid
13 2-Methoxyphenol trimethylsilyl ether 21.699 1053277 34 Phenol
14 Benzoic acid trimethylsilyl ester 22.323 1697115 5,4 Acid
15 3-Trimethylsilyloxy-2-methylpyran-4-one 23.697 788112 2,5 Acid
16 1,2-Benzenediol bis(trimethylsilyl) ether 24.730 3883006 12,5  Alcohol
17 Benzaldehyde, 3-methoxy-4-hydroxi]- 27.031 406711 1,3  Aldehydo
18  2,6-Dimethoxyphenol, trimethylsilyl ether 27.212 3859543 12,4 Phenol
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Benzaldehyde, 3-methoxy-4-

19 [(trimethylsilyl)oxy]- 30.826 1141416 3,7 Acid
20 4'-Hydroxy-3'-methoxyacetophenone, 32.965 458481 1,5 Ketona
21 1,3,5-Tris(trimethylsiloxy)benzene 35.563 749624 2,4 Acid

1,7-Di(3-ethylphenyl)-2,2,4,4,6,6-
hexamethyl-1,3,5,7-tetraoxa-2,4,6-

22 trisilaheptane 36.608 526475 1,7 Phenol
(4-Hydroxy-3-methoxyphenyl)ethylene

23 glycol tris(trimethylsilyl) ether 36.962 683812 2,2 Phenol

24 3-Vanilpropanol, bis(trimethylsilyl)- 37.531 785578 2,5 Alcohol

The class of phenols was the most representative, highlighting 1,2-benzenediol
bis(trimethylsilyl) ether (12.5%), 2,6-dimethoxyphenol TMS (12.4%), phenol (5.5%), 4-
methylphenol (1.9%), in addition to vanillyl and guaiacyl derivatives. These compounds
derive directly from lignin degradation, especially from the guaiacyl (G) and syringyl (S)
units, which are predominant in angiosperms. Previous studies showed that bio-oils
obtained from peach stones have high levels of catechol, syringol, and guaiacol, in line
with the results observed here (Moraes et al., 2012).

The second most expressive class was that of carboxylic acids, with compounds
such as butanoic acid (5.3%), 2-oxo-butanoic acid (6.9%), benzoic acid TMS (5.4%), and
2,4-hexadienoic acid TMS (5.0%). These products are formed predominantly by the
degradation of hemicellulose and secondary oxidation reactions of intermediate
compounds. The significant presence of acids is typical of crude bio-oils, contributing to
their high acidity, corrosivity, and chemical instability, characteristics discussed in studies
on the pyrolysis of lignocellulosic materials (Bridgwater, 2012).

Alcohols also appeared in relevant proportions, especially 2-methylpropanol
(7.1%), 2-methylbutanol (1.5%), in addition to polyoxygenated alcohols derived from
thermal rearrangement processes of carbohydrates. The presence of furanoid TMS
compounds, such as trimethyl[(tetrahydrofurfuryl)oxy]silane (10.4%), indicates the
expressive participation of hemicellulose, since furan derivatives are classic products of
the thermal degradation of pentoses. These results are consistent with studies that identified
furan oxides and oxygenated alcohols as relevant constituents in bio-oils obtained under
similar pyrolysis conditions (Shen; Gu, 2009).

The fraction of aldehydes and ketones occurred in lower percentages but includes
important compounds such as 3-hydroxy-2-butanone (1.2%), hydroxyacetophenones

(1.5%), and methoxylated benzaldehydes, which are structural derivatives of lignin and
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carbohydrate dehydration and rearrangement reactions. Although less abundant, these
compounds contribute significantly to the reactivity, instability, and characteristic odor of
bio-oils. Works on the pyrolysis of peach stones and other aromatic biomasses also point
to phenol aldehydes as recurrent constituents of the chromatographic profile (Farooq et al.,
2018).

Overall, the profile presented confirms that the analyzed pyroligneous liquor is
strongly influenced by lignin degradation, with phenols as the predominant class, followed
by acids and alcohols derived from hemicellulose and cellulose. This pattern is widely
recognized in GC-MS and GCxGC-TOFMS studies applied to peach stone bio-oil, which
frequently highlight syringol, guaiacol, catechol, and furanic derivatives as majority peaks.
Thus, the results in Table 3 show that the chemical composition obtained is typical of bio-

oils derived from lignocellulosic fruit residues (Farrapeira et al., 2021; Moraes et al., 2012).

5 CONCLUSIONS

The comparison between sample preparation methods showed that lyophilization
(LYO) outperforms liquid—liquid extraction (LLE) for GC/MS characterization of the
aqueous phase of pyroligneous liquid. LYO provided higher and more consistent
recoveries, enhancing the detection of organic acids, polyoxygenated alcohols, sugars and
low-molecular-weight phenols. Water removal by sublimation helped reduce losses of
volatile compounds and minimized analytical discrimination typical of highly hydrophilic
matrices.

Although LLE is a traditional and widely applied method, its performance was
limited by solvent saturation, low extraction efficiency for highly polar compounds and
analyte loss during solvent evaporation. Still, it remained consistent with literature trends
in recovering lignin-derived phenols.

Overall, LYO stands out as a more robust, reproducible and environmentally
friendly strategy, significantly reducing solvent consumption and waste generation. Its
results indicate a chemical profile more representative of the original matrix, reinforcing
its suitability for studies aiming to better understand the composition and behavior of

aqueous phases of bio-oils derived from lignocellulosic biomass.
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CHAPTER 3:
PRODUCTION OF REDUCING SUGARS FROM THE
LIGNOCELLULOSIC CONTENT OF ANNONI GRASS (ERAGROSTIS
PLANA NEES)

Jander Luis Fernandes Monks, Mauricio Campesato Padilha, Daniela Harter Hornke, Carlos
Schaedler, Ricardo Peraga Toralles

ABSTRACT

Annoni grass (Eragrostis plana Nees) is a weed with high fiber content and invasive
characteristics, limiting efficiency in livestock productivity. Previous studies show that
lignocellulose-rich materials possess a highly rigid cell wall and low porosity, which limits their
direct utilization in fermentation processes. The hypothesis to be tested is that these limitations
can be overcome and reducing sugars can be obtained from Annoni grass leaves through a
process combining hydrothermal pretreatment and enzymatic hydrolysis. Thus, the objective of
this work was to optimize the extraction of reducing sugars from Annoni grass, aiming at the
availability of a new organic feedstock for sustainable energy production. The experiment was
conducted at the facilities of IFSul Pelotas, Brazil, where Annoni grass specimens were
cultivated in a greenhouse under controlled conditions. Acid and alkaline pretreatment (1% w/w
solutions) was performed on the dried samples in autoclave reactors containing ground Annoni
grass leaves at a temperature of 165°C for one hour, evaluating the difference in efficiency
between crushed sample sizes. Subsequently, enzymatic hydrolysis was conducted with the
material produced in the previous step, with the addition of a pH 4.89 buffer solution and
enzyme extract under agitation of 150 rpm at 50°C for 168 hours. The results indicate a higher
production of reducing sugars in finely ground leaves subjected to acid treatment and an optimal
enzymatic hydrolysis time of 96 hours.

Keywords: Weed; Biomass; Cellulose; Sustainability.

1 INTRODUCTION

Annoni grass is a species native to Africa that was introduced to Brazil in the 1950s
primarily identified as a low-quality forage (MEDEIROS et al., 2009; REIS, 1991),
presenting high fiber content that often causes injuries to the mouths of grazing animals.
As a weed, Annoni grass exhibits high seed production, which facilitates its spread and
increases infestation levels in pasture areas. (MEDEIROS et al., 2007).

Lignocellulosic biomass pretreatment is a crucial step to render the cellulose
structure more accessible to cellulolytic enzymes, facilitating the recovery of glucose
monomers required for subsequent enzymatic hydrolysis. Enzymatic hydrolysis is
generally preferred over chemical hydrolysis due to higher sugar yields, lower byproduct
formation, and milder operating conditions (LEONEL, 2020).

However, lignocellulosic biomass hydrolysis, aiming at the production of

fermentable sugars, presents very low yields, rendering pretreatment as an indispensable
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method of modifying the lignocellulosic structure to facilitate the action of cellulolytic
enzymes. Although widely used in the industry, enzymatic hydrolysis still faces challenges
such as the high cost of enzymes and the difficulty regarding their recovery subsequently
highlighting the need to investigate methods to reduce process costs and enhance economic
viability (ROCHA, 2021).

Given the high availability of Annoni grass and the need to utilize cellulosic sources
as an alternative for renewable energy production, this study is proposed of a process that
combines pretreatment and enzymatic hydrolysis, aiming to the production of reducing

sugars from the species Eragrostis plana Nees.

2 THEORETICAL FRAMEWORK

The Pampa is one of the six biomes or major natural regions of Brazil, being the
only one restricted to a single state, occupying a surface of 178,000 km?, which represents
63% of the territory of Rio Grande do Sul/Brazil and 2.1% of the national territory
(CHOMENKO; BENCKE, 2016).

The Pampa also encompasses Uruguay, east-central Argentina, and the extreme
southeast of Paraguay, representing the largest extension of temperate grassland
ecosystems in South America. Historically, the Pampa fields have harbored diverse
endemic plant and animal species, resulting in rich and abundant biodiversity. Furthermore,
it provides a series of essential ecosystem services such as water purification, agricultural
pest control, carbon storage (contributing to climate regulation), erosion control, and soil
fertility replenishment. Additionally, the Pampa Biome is an important source of genetic
resources, primarily forage and ornamental plants (CHOMENKO; BENCKE, 2016).

Throughout its evolution, the fields of the Pampa region were subject to natural
disturbance regimes determined to be caused by factors such as spontaneous fires and
grazing of native herbivores. Livestock farming is part of the Pampa Biome's history and
has great economic and social importance for the state of Rio Grande do Sul. Currently,
around 12 million heads of cattle in Rio Grande do Sul (IBGE, 2023) are managed amidst
temporary summer crops, primarily soybeans, which expand rapidly over the same areas
occupied by this herd.

In the period between 2004 and 2019, the land incorporated into agriculture
increased by 808.5 thousand hectares (with soybeans accounting for 736 thousand
hectares), allowing the inference that livestock activity is being replaced by agriculture

(OLIVEIRA, 2021).
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The use of natural pastures of the Pampa Biome for livestock is historic, but
inadequate management has led to degradation. This degradation is amplified and favored
by one of the major threats to biome biodiversity, which is the invasion by Annoni grass
(Eragrostis plana Nees).

The invasive species originating from South Africa is recognized for its low forage
quality (REIS, 1993), as such, it is frequently rejected by grazing cattle and sheep. Its
character as an invasive plant was verified by its rapid proliferation, competition, and
elimination of other species (REIS, 1993; REIS; COELHO, 2000).

Economic and environmental damages result from the presence and area expansion
of Annoni grass over the 6.5 million hectares of native pasture where beef cattle fields in
RS and remnants of grassland vegetation are located (HASENACK et al., 2007). This
vegetation is typical of the Pampa Biome, which presents rich floristic diversity and forage
value.

It is estimated that two million hectares of this area are already compromised by the
presence of the invader (MEDEIROS et al., 2004), representing a major threat to local
biodiversity. Annoni grass is mentioned among 1,214 exotic species established in Brazil,
of which 460 were recognized as invasive over 35 analyzed years (ADELINO et al., 2021).

Currently, one of the major challenges faced by society is reconciling the growth of
energy demand with the great need for sustainability, as the gradual depletion of fossil fuels
and greenhouse gas emissions have stimulated the use of renewable, sustainable, and low-
cost energy sources. In view of this, second-generation ethanol (bioethanol) has been
gaining prominence as an alternative to petroleum-derived fuels, as it is generated from
lignocellulosic biomass (SANTIAGO; RODRIGUES, 2017).

The utilization of lignocellulosic materials requires pretreatment steps due to their
resistance to biological processing, thus enabling the fractionation of their main
components (cellulose, hemicellulose, and lignin). The conditions and type of pretreatment
used direct the subsequent steps of lignocellulosic biomass processing (CASTRO, 2016).

Cellulose is the most abundant renewable resource in our natural ecosystem.
Furthermore, it has high potential for the mass production of biofuels and renewable
chemicals. However, cellulose consists of linear chains of linked B-D-glucose units. This
fact makes this structure highly ordered primarily due to strong hydrogen bonds and, as a

result, it becomes very resistant to enzymatic and microbial attacks (KHODAVERDI et al.,

2012).
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Thus, in the economically viable production of fermentable sugars aiming at
bioethanol, cellulose hydrolysis is a main and challenging part of the process. The cellulose
hydrolysis process is generally performed by enzymes or chemicals. Enzymatic hydrolysis
is preferred due to higher sugar yields, lower by-product formation, and milder operating
conditions (LYND et al., 2002).

Since the sugar yield in the hydrolysis of native celluloses is very low, pretreatment
of cellulose prior to enzymatic hydrolysis is necessary to modify the cellulose structure and
enable its enzymatic conversion. Various pretreatments have been suggested and
developed, including biological, physical, chemical, and physicochemical methods.
Among these processes, pretreatment with cellulose solvents and acid treatment prove to
be quite effective (CARVALHO, 2017).

Performing adequate pretreatment enables cellulolytic enzymes access to the
cellulose structure and the recovery of glucose monomers composing cellulose for the
subsequent steps of enzymatic hydrolysis and alcoholic fermentation for bioethanol
production (HUANG et al., 2015; MADADI et al., 2017). Despite being widely used in the
industry, the use of enzymes for cellulose hydrolysis presents some limitations, such as
high cost and difficulty in enzymatic recovery, making it necessary in this context to
investigate ways to reduce process costs (ROCHA, 2021).

Fermentable sugars obtained from pretreated and enzymatically hydrolyzed
cellulose are the standard substrates for yeast action, which are the most important
microorganisms in obtaining alcohol via fermentation (FERREIRA et al., 2016).

Due to the large production of plant biomass, weeds such as Annoni grass emerge
as potential sugar sources to produce lignocellulosic ethanol and are categorized as second-

generation biofuels for being produced from alternative inputs.

3 METHODOLOGY

The research utilized the invasive species Annoni grass (Eragrostis plana Nees)
cultivated in the rural area of the IFSul Pelotas Visconde da Graga Campus/Brazil.

Samples were dried in an oven at 60°C for 72 hours until they reached constant
weight. For pretreatment, ground leaves were separated using a 16-mesh sieve into passing
and retained fractions.

Hydrothermal pretreatment occurred in a 25 mL stainless steel autoclave reactor.
Into it, 1g of dried Annoni grass, 15 mL of distilled water, and 0.15 mL of analytical grade

sulfuric acid were added to test the acid catalyst. For the alkaline catalyst test, separately,
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1g of dry Annoni grass and 15.15 mL of 1% w/w aqueous NaOH solution were added. The
mixture was then subjected to a temperature of 165°C in an oven for 60 minutes. Four
batches of four reactors each were repeated, totaling 24 grams of treated grass samples.

For the enzymatic hydrolysis operation, the content of eight reactors (solid phase
and liquid phase) used in the pretreatment was placed in an Erlenmeyer flask, then
combined with 0.1488 grams of enzymatic concentrate Cellic CTec3 with 28.51 mL of pH
4.89 buffer solution. The solution present in the flask was placed in a Benchtop Incubator
with Orbital Shaking (Q816M22, Quimis, Brazil) at 150 rpm and 50°C for 168 hours. At
each cited time, in the aqueous extract, the concentrations (g L") of fermentable sugars
were determined: glucose and total reducing sugars (RS).

To determine glucose concentration, the methodology described in the instruction
manual for glucose determination using colorimetric enzymatic monoreagent (GOD-PAP)
(Quibasa, Brazil) was adapted.

In each 0.10 mL aliquot of analyzed sample, 2.0 mL of the monoreagent was added.
After a water bath at 37°C for 10 min, 1.0 mL of distilled water was added at room
temperature. The reading in a UV/VIS spectrophotometer (AJX-1000, AJMICRONAL)
was taken at 505 nm.

The concentration of reducing sugars (RS) was determined using the method
described by Pereira (2024) using 1 mL of 3,5-dinitrosalicylic acid (DNS, Sigma Aldrich
Chemie GmbH, Germany), 1 mL of extract, and 1 mL of distilled water, followed by a
water bath (JProlab Model 8370) at 100°C for 5 min, with reading in a UV/VIS
spectrophotometer (AJX-1000, AJMICRONAL) at 490 nm. The concentration of RS (g L~
1) in the reactive medium was determined through an external calibration curve, using
glucose (Sigma Aldrich Chemie GmbH, Germany) as standard in concentrations from 0 to
1.0gL"

The data obtained were calculated as means and standard deviations of independent
experiments, performed in triplicate, with means compared by Tukey's test at a 5%

probability level using the Statistica 7.1 for Windows program (StatSoft Inc., USA).

4 RESULTS AND DISCUSSION

In this chapter, experimentally obtained data aiming at the maximum production of
total reducing sugars and glucose from Annoni grass biomass are presented and discussed.
The investigation was conducted in two main stages: optimization of acid pretreatment for

the destructuration of the lignocellulosic matrix and subsequent enzymatic hydrolysis of
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the remaining substrate that received hydrothermal-acid treatment under optimal pre-
treatment conditions.

The results of pretreatments and enzymatic hydrolysis are analyzed from the
perspective of the conversion efficiency of lignocellulosic material into glucose and RS.
The discussion debates justifications for the concentration values obtained through
physicochemical mechanisms governing the release of fermentable sugars in this specific
biomass and compares results with relevant literature on the transformation of

lignocellulosic biomass into sugars whenever possible.

4.1. OPTIMIZATION OF PRETREATMENT

The pretreatment is a determining step in the economic viability of the process
employed for biomass conversion, with the main objective of removing the hemicellulose
and lignin barrier, increasing the porosity and accessibility of cellulose, which reacts by
adsorption with the enzymatic medium employed subsequently. Thus, the production of
fermentable sugars in the pretreatment of Annoni grass was optimized by studying the

influence of the type of catalyst (NaOH and H2SO4) and sample size on this process.

4.1.1. Effect of catalyst type

The choice of acid catalyst plays a fundamental role in the hydrolysis kinetics of
lignocellulosic material. Two different agents were evaluated (H2SO4 e NaOH 1% w/w),
in dry and crushed annoni grass passing through (<1.0 mm), while keeping temperature

and residence time constant. Table 1 presents the sugar release profile obtained.

Table 1. Means and standard deviations of glucose and RS concentrations after acid hydrothermal pretreatment
with different catalysts.

Treatments Reducing Sugar (g L) Glucose (g L)
H>SO4 20.73 +0.88*" 2.85+0.06*
NaOH 1.51 +0.32° 0.19 + 0.01°

Results are expressed as mean + standard deviation (n = 3); compared by Tukey's method at 5% significance
level (p = 0.05)
*Values with distinct letters in the column differ significantly.

Tukey's test at 5% evidenced that sulfuric acid promoted the highest release of total
reducing sugars (20,73 g L") and glucose (2,85 g L), significantly surpassing alkaline
treatment with NaOH.

This behavior consolidates dilute acid pretreatment (DAP) as one of the most

promising methods for biomass bioconversion, given its high efficiency in hemicellulose
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depolymerization, an essential characteristic for the economic viability of second-
generation ethanol production (PASQUIER, 2023).

The superiority of acid treatment over basic treatment can be explained by the acid-
catalyzed chemical hydrolysis mechanism. Unlike alkaline treatment, which acts primarily
on lignin solubilization, acid promotes protonation of glycosidic oxygen, forming
conjugated acids. This step is followed by C-O bond cleavage and formation of a cyclic
carbocation in which, after rapid water addition, results in the release of monomeric sugar
units (CHAGAS, 2023; PAULA et al., 2009; PEREIRA, 2024). This mechanism justifies
the higher concentration of sugars in the acid liquor, since the hemicellulosic fraction is
converted mostly into soluble monosaccharides.

Literature corroborates the superiority of sulfuric acid in releasing reducing sugars
(COSTA, 2022; PEREIRA, 2024; RODRIGUES, 2018). However, severe DAP conditions
may induce the formation of inhibitors such as furfural and hidroximethylfurfural,
demanding process optimization to avoid detriments to the subsequent fermentation step

(CASTRO, 2016; CHEAH et al., 2020; SRIVASTAVA et al., 2023).

4.1.2. Effect of Annoni grass particle size

The influence of biomass granulometry on pretreatment efficiency was investigated
by comparing fractions separated through a Tyler 16 sieve (approximate opening of 1.0
mm). Two distinct fractions were analyzed: the one that passed through the sieve (passing,
< 1.0 mm) and the one retained (retained, > 1.0 mm).

The particle size of lignocellulosic biomass plays a crucial role in the efficiency of
the hydrolysis and fermentation process, directly affecting reaction rate and mass transfer.
Structural alterations promoted by milling or cutting increase enzyme-cellulose affinity
and, consequently, hydrolysis rate.

According to Wozniak et al. (2025), particle size influences diffusion kinetics,
pretreatment efficiency, sugar yield, and lignin removal because smaller particles possess
a larger specific surface area, thereby facilitating reagent access; however, excessively fine
particles may present handling difficulties. On the other hand, larger particles may not
undergo complete pretreatment in their interior due to heat and mass transfer limitations
which result in problems for the subsequent hydrolysis step. Therefore, granulometric

optimization is essential to achieve high conversions with viable production costs.
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Figure 1 illustrates the sugar release behavior for the two studied fractions. Detailed
quantitative data, presented in Table 2, corroborate the significant influence of

granulometry on the process.

Figure 1. Influence of sample size on sugar concentrations produced in the acid hydrothermal pretreatment step
for retained and passing fractions.
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Table 2. Means and standard deviations of glucose and Reducing Sugar (RS) concentrations after acid
hydrothermal pretreatment for different sample sizes.

Fraction Reducing Sugar (g L™")* Glucose (g L'H*
Retained 21.42 +1.66° 2.06 +0.15°
Passing 25.20 + 1.45° 242 +0.15°

Results are expressed as mean + standard deviation (n = 3); compared by Tukey's method at 5% significance
level (p < 0.05)
*Values with distinct letters in the column differ significantly
Results demonstrate that the passing fraction in 16 mesh obtained significantly
superior yields. The higher concentration of total reducing sugars (25.20 g L!) and glucose
(2.42 g L") in this fraction can be attributed to the larger accessible surface area and
reduction of diffusion limitations, allowing more effective action of sulfuric acid
throughout the particle structure. Conversely, in the retained fraction, reduced efficiency

of catalyst penetration into the innermost biomass layers during the stipulated reaction time

is observed.

4.2. ENZYMATIC HYDROLYSIS
After defining the best pretreatment conditions with use of sulfuric acid and smaller

granulometry, the cellulose-rich biomass was then subjected to enzymatic hydrolysis. This
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step aims to convert exposed cellulose into higher concentrations of fermentable sugars,

using a commercial enzymatic concentrate on Cellic CTec3.

4.2.1. Reaction Time
Enzymatic hydrolysis kinetics were monitored for 168 hours to determine the point
of maximum conversion and stabilization of sugar production. The release profile of

reducing sugars (RS) and glucose is displayed in Figure 2 and detailed in Table 3.

Figure 2. Variation in the concentration of reducing sugars (RS) and glucose during 168 hours of enzymatic
hydrolysis. The data points represent the mean concentrations with error bars corresponding to the 95%
confidence interval.
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Regression analysis of kinetic data demonstrated that sugar release follows a
characteristic asymptotic behavior, fitting precisely to the one-phase association model.
The trend curves obtained presented high coefficients of determination (R?), being 0.9358
for glucose and 0.9591 for reducing sugars. These values indicate that the mathematical
model explains more than 93% of experimental data variability, confirming process
robustness, and predictability of enzymatic saturation over time.

This behavior, characterized by a fast initial velocity followed by progressive
deceleration until a plateau, is consistent with kinetic models reviewed by Pendse et al.
(2023), who justify the hydrolysis rate reduction by diffusional resistances and enzymatic
deactivation over the reaction course. Furthermore, Zhang et al. (2019) observed similar

profiles in sugarcane bagasse hydrolysis, relating the initial fast phase to the degradation
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of more accessible amorphous cellulose, while the subsequent slow phase reflects the

difficulty in hydrolyzing the remaining crystalline fraction.

Table 3. Means and standard deviations of glucose and reducing sugar concentrations before, during, and after
enzymatic hydrolysis of lignocellulosic substrate.

Time (h) Reducing Sugar (g L)* Glucose (g L')*

0 17.13 + 1.47¢ 1.95+0.07°
24 2497 +1.18°¢ 3.80 +0.324
48 29.79 + 0.79° 7.71 +£0.02°
72 30.61 +0.72° 13.25+0.28°
96 33.754+0.592 15.87 +0.74*
120 35.28 +0.522 14.51 +0.79*
144 36.21 £ 0.67* 16.22 + 0.45
168 35.86 +1.70* 15.94+0.37*

Results are expressed as mean + standard deviation (n = 3); compared by Tukey's method at 5% significance
level (p < 0.05)
*Values with different letters in the same column differ significantly.

The experiment performed reveals similar kinetic behavior for both glucose and
total reducing sugars. It is observed that the concentration of fermentable sugars increases
progressively, reaching a peak of 15.87 g L™! for glucose and 33.75 g L"! for RS at 96 hours.
Statistical analysis (Tukey, p < 0.05) indicates no significant difference between the
concentration obtained at 96h and subsequent times, suggesting that the system reaches an
equilibrium plateau close to this period. Pereira (2024), who reported stabilization close to
120 hours for similar substrates, corroborates this stabilization profile. The fact that this
study reaches the plateau early at 96 hours may represent an industrial energy advantage.

The deceleration observed after 96 hours can be explained not only by crystalline
cellulose recalcitrance but also by unproductive adsorption of cellulases onto residual
lignin, as reported by Xu et al. (2023). Lignin acts as a physical barrier and adsorbent,
reducing the availability of free enzymes to act on the cellulosic substrate, a critical
phenomenon justifying the observed plateau even with the presence of residual substrate
(SANTIAGO; RODRIGUES, 2017).

For industrial optimization purposes, the time of 96 hours presents itself as the ideal

cutoff point, balancing yield and operational cost.

4.2.2. Final yield
To quantify the real biomass transformation efficiency, mass yield was calculated,
defined as the amount of sugars recovered per unit of processed raw material, considering

the total reducing sugars and glucose production peaks at 96 hours.
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Table 4. Mass yield of glucose and reducing sugars in Annoni Grass during conversion peak in enzymatic
hydrolysis
Reducing Sugar Glucose
Mass Yield (Y%ow/w) 66.02 29.70

5 FINAL CONSIDERATIONS

The present study investigated the technical viability of utilizing Annoni grass
(Eragrostis plana Nees) as lignocellulosic feedstock to produce fermentable sugars,
systematically analyzing pretreatment and enzymatic hydrolysis steps.

In the pretreatment stage, acid catalysis (1% w/w H2SO4) demonstrated statistical
superiority over the alkaline method, evidencing efficacy in hemicellulosic solubilization,
crucial for increasing porosity and exposing cellulose. Additionally, granulometric
reduction proved critical: the use of the < 1.0 mm fraction resulted in significantly superior
yields, confirming that increased surface area and reduced diffusional limitations are
essential to optimize reagent-matrix interaction.

Enzymatic hydrolysis kinetics revealed asymptotic behavior, with total reducing
sugars and glucose stabilizing after 96 hours (maximum concentration of 36.21 g L', 16.22
g L!; yield of 66.02% w/w, 29.70% w/w, respectively). This profile, even with residual
substrate, suggests limitations such as crystalline cellulose recalcitrance and unproductive
enzyme adsorption on lignin, factors to be mitigated in future studies.

In summary, this work concludes that Annoni grass possesses promising potential
as a substrate for second-generation ethanol production. The integrated route, combining
acid pretreatment, adequate milling, and 96 to 120 hours enzymatic hydrolysis, allowed
achieving competitive conversion yields that not only valorize this invasive species but

also open opportunities for controlling its spread through sustainable economic utilization.
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CHAPTER 4:
WOOD PRESERVATION AND SOIL CONTAMINATION BY HEAVY
METALS

Daniel Arsand, Susane Seus

ABSTRACT

This chapter discusses the environmental implications of wood preservation processes,
particularly focusing on soil contamination caused by heavy metals derived from preservative
chemicals. Wood preservation is widely used to extend the service life of timber and protect it
from biological degradation caused by fungi, insects, and microorganisms. However, the use of
chemical preservatives, especially chromated copper arsenate (CCA), has raised significant
environmental and health concerns due to its high toxicity and potential for metal leaching. The
chapter highlights that CCA-treated wood releases arsenic (As), copper (Cu), and chromium
(Cr) into surrounding environments through leaching, volatilization, and improper disposal.
These heavy metals may persist in soils for long periods, remaining bioavailable and capable
of migrating into groundwater systems, thereby contaminating other environmental
compartments. The industrial wood treatment process is also described, including vacuum-
pressure impregnation in autoclaves, curing yards, and storage areas. These operational stages
represent critical points for potential contamination, particularly when spills, leaks, or
inadequate waste management occur. The chapter also reviews Brazilian environmental
legislation related to contaminated soils, including guidelines from environmental agencies and
regulations establishing soil quality reference values. Consequently, the chapter underscores
the importance of environmental monitoring, proper waste management, and the development
of safer preservation alternatives. In conclusion, while wood preservation is essential for
industrial and infrastructure applications, the environmental risks associated with heavy-metal-
based preservatives demand stricter management, monitoring, and sustainable technological
solutions to minimize soil contamination and protect environmental and human health.

Keywords: Leaching; Bioavailability; Environmental liability.

1 INTRODUCTION

Due to the usefulness and durability of wood, treatment plants employ preservative
products, which are toxic substances designed to inhibit the action of wood-degrading
agents. The most widely used preservative is chromated copper arsenate, commonly known
as CCA. However, its use is controversial because of its high toxicity and the gradual loss
of its components through leaching or volatilization, resulting in risks to the environment
and human health. This chapter addresses precisely the issue of soil contamination by

heavy metal ions.
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2 CONTEXTUALIZATION

Wood preservation aims to increase the service life of wood and wood-derived
products by applying chemical agents that prevent attack by biodeteriorating organisms
(MORESCHI, 2013). Wood preservation activities are regulated by specific legislation and
guided by norms of the Brazilian Association of Technical Standards (ABRAF, 2013).
According to the association, the main wood preservation plants are concentrated in the
Southeast and South regions, where the largest reforested areas in the country are located.

In Brazil, the use of preservative-treated wood emerged alongside industrial
development, which created demands for rapid transportation, new communication
systems, and improved energy distribution. These advances required wood with high
resistance to xylophagous organisms for use in railways, telegraph systems, telephone
lines, and electrification infrastructure (VIDAL et al., 2015).

The Brazilian Institute of Environment and Renewable Natural Resources
(IBAMA) authorizes the use of several preservatives, with the most commonly applied by
industry being Chromated Copper Arsenate (CCA Type C) and Chromated Copper Borate
(CCB) (VIDAL et al., 2015). Due to the extensive use of CCA-treated wood, an increase
in residues is expected in the coming decades (CHOI et al., 2012). Mercer and Frostick
(2012) reported that As, Cu, and Cr leached from CCA-treated wood residues appeared in
the environment at concentrations exceeding permissible limits, posing risks to the
environment and human health. Contamination at wood treatment plants has been
investigated by several authors (ANDERSON et al., 1996; BHATTACHARYA et al.,
2002; JANIN et al., 2009).

Domingos (2020) assessed the toxicological effects of fly ash resulting from the
combustion of CCA-treated wood. Analyses of leachate samples revealed arsenic
concentrations of 0.46 mg.mL and 0.11 mg.mL-. Toxicity tests indicated high levels of
acute and subacute toxicity in Lactuca sativa, Allium cepa L., and the microcrustaceans
Artemia spp. Takahashi et al. (2018) reported deleterious effects in multiple organs of rats
exposed to CCA for 30 days. However, little attention has been given to the effects of CCA
and its components on genotoxicity and cell cycle dynamics in exposed organisms.

In addition to their toxic properties, metals and their compounds may remain
bioavailable for long periods or migrate into aquifers, spreading contamination to other
environmental matrices (FERRUCCI et al., 2017). Reported effects of metal-contaminated
soils include inhibition of enzymatic activities due to impaired self-purification capacity

linked to biological regeneration processes; qualitative and quantitative reductions in
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normal growth of microbial and soil fauna populations; decreased crop yields and altered
product composition; and risks to consumer health due to metal incorporation into the food
chain (CHEN et al., 2015). Toxic metals may remain bioavailable for extended periods and
contaminate other environmental matrices (LI et al., 2014).

In response to these risks, the Brazilian National Environmental Council
(CONAMA), through Resolution N°. 420 of December 28, 2009, establishes guidelines
and reference values for soil quality regarding the presence of chemical substances, as well
as directives for the environmental management of contaminated areas. In the state of Rio
Grande do Sul, Technical Guideline N°. 003/2021 — DIRTEC of Environmental Protection
Foundation (FEPAM) provides guidance for the environmental licensing of suspect,
potentially contaminated, contaminated, or degraded areas due to improper disposal of
solid waste.

FEPAM Ordinance N°. 85/2014 establishes Reference Quality Values (RQV) for
soils for nine chemical elements naturally present in the different geomorphological and
geological provinces of the state, recognizing the importance of determining natural
background concentrations and the need to manage contaminated areas resulting from
anthropogenic activities.

The State Environmental Code of Rio Grande do Sul, established by State Law N°.
15,434 of January 9, 2020, determines in Article 4 that all individuals are responsible for
maintaining a healthy environment that ensures quality of life for present and future
generations. It further establishes that individuals and legal entities are responsible for fully
repairing environmental damage they cause and for correcting or covering the costs of
corrective actions.

Soil contamination resulting from industrial activities or waste disposal constitutes

one of the most significant forms of environmental liability (FOGACA; CORREA, 2017).

3 WOOD PRESERVATION

Wood has physical-mechanical and anatomical characteristics that make it a highly
versatile renewable resource. Among its advantages are thermal insulation, ease of
workability, mechanical strength, and low energy consumption during processing.
However, its disadvantages include low natural durability, susceptibility to cracking, and
combustibility (VIDAL et al., 2015).

In Brazil, the use of preservative-treated wood emerged alongside industrial

development, which created demands for rapid transportation, new communication
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systems, and improved energy sources. These technological advancements required wood
with high resistance to xylophagous organisms for application in railways, telephone lines,
and electrification infrastructure (VIDAL et al., 2015). The main biological agents
responsible for structural damage and wood deterioration include insects, fungi, mollusks,
crustaceans, and bacteria (REMADE, 2013).

The wood industry encompasses the production and harvesting of trees for diverse
applications, such as civil construction, shipbuilding, and furniture manufacturing. This
sector includes processes for converting wood into sawn timber, pulp and paper, chemical
products, and other derivatives, involving extraction, storage, chemical treatment, and final
distribution for use (SINDIMADE, 2018).

The natural durability and service life of wood are negatively affected when exposed
to environmental factors such as moisture, temperature fluctuations, and light (DHILLON
etal.,2017; BOTOME et al., 2017). Eucalyptus and pine species also exhibit low resistance
to deterioration caused by insects, bacteria, and fungi when left untreated, making the
application of chemical preservatives essential to prolong their durability (MATOS et al.,
2020; DHILLON et al., 2017; FERRARINI et al., 2016).

The treatment process begins with the arrival of timber in the form of logs, sawn
wood, sleepers, and other products. The wood is placed inside an autoclave, where its
moisture is removed under vacuum, and the preservative is subsequently forced into the
empty cell spaces. After treatment, the material is transferred to the curing yard, where it
remains for approximately 10 days on a concrete surface in an open area. Once curing is
complete, the treated wood is sent to the storage yard (MORESCHI, 2013). Currently,
Chromated Copper Arsenate (CCA) is the most widely used wood preservative worldwide
(ABPM, 2017; FERRARINTI et al., 2016; FERRARINI et al., 2015). Figure 1 shows the

industrial process for treating wood.

Figure 1. Flowchart about the industrial process for treating wood.
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In Brazil, wood treatment methods using pressure in autoclaves are commonly
employed, including the Bethell process, developed by John Bethell in 1838 in England.
This method consists of an initial vacuum stage, followed by the introduction of the
preservative without allowing air to enter the autoclave cylinder, proceeding to the pressure
stage in which the product is impregnated into the wood. Subsequently, the preservative is
drained, and a final vacuum is applied. While oily preservatives were originally used,
water-soluble preservatives are currently predominant. The main preservatives used to
prevent biological degradation of wood include creosote and chromated copper arsenate
(CCA), which is available in three formulations (Types A, B, and C), as well as chromated
copper borate (CCB). Creosote is classified as an oil-soluble preservative, whereas CCA
and CCB formulations are water-soluble (VIDAL et al., 2015).

CCB emerged around 1960 as a response to concerns regarding the toxicity of
arsenic in CCA, differing from it by replacing arsenic with boron or boric acid

(MORESCHI, 2011). Table 1 presents the composition of CCB.

Table 1. Composition of CCB preservative.

COMPOUND COMPOSITION (%)
CuO 26
B 10.5
CrO; 63.5

In Brazil, the Brazilian Institute of Environment and Renewable Natural Resources
(IBAMA) authorizes the use of several preservatives, with CCA Type C being the most
commonly used in industry (VIDAL et al., 2015). Table 2 presents the composition of the
different CCA types.
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Table 2. Composition of CCA types.

COMPOSICAO (%)
COMPONENT
TYPE A TYPE B TYPE C
CrO 65.5 353 475
CuO 18.1 19.6 18.5
As:Os 16.4 45.1 34.0

Source: Moreschi (2011)

Figure 2 illustrates the molecular structure of CCA.

Figure 2. Molecular structure of CCA

O
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CCA is highly effective as a wood preservative and economically viable compared
to other treatments, such as natural preservative oils, thermal modification, and alternative
chemical treatments (KIMA; OHB; PARK, 2020; MOHAJERANI et al.,, 2018;
FERRARINI et al., 2016).

When applied to wood under pressure, chromium triggers the precipitation of large
amounts of copper and arsenic and reacts with the wood structure, making the preservative
components practically insoluble. The fixation reaction induced by chromium enables
arsenic to act as an insecticide, while copper functions as a fungicide, adhering to the
cellular structures (SILVA, 2006). According to Freitas (2002), CCA is used in three
different formulations - Types A, B, and C - all containing approximately 19% copper
oxide.

Due to the extensive use of CCA-treated wood, an increase in residues is expected
in the coming decades (CHOI et al., 2012; MERCER & FROSTICK, 2012). According to
Lebow et al. (2004), the degree of preservative leaching into the environment depends on
several factors, including retention level, wood species and age, moisture content,
treatment process, weathering, and exposure conditions. Mercer and Frostick (2012)
reported that As, Cu, and Cr leached from CCA-treated wood residues appear in the
environment at concentrations exceeding permitted limits, posing risks to both the
environment and human health.

The Brazilian Association of Technical Standards (ABNT) 16,202 establishes

acceptable compositional ranges for the CCA-C preservative (Table 3).
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Table 3. Limits established by ABNT 16,202/2013.

COMPOUND Minimum [%] Maximum [%]
CuO 17.0 21.0
CrO; 44.5 50.5
As:0; 30.0 38.0

Based on the values presented in Table 3, relationships between the maximum and
minimum proportions of the preservative components can be established, as shown in

Table 4.

Table 4. Ratio between maximum and minimum component values.

Ratio Minimum Maximum
As/Cu 1.765 1.817
As/Cr 0.674 0.752

4 WOOD PRESERVATION AND ENVIRONMENTAL IMPACT

Industrial activities and inadequate management practices have introduced
numerous contaminants into soils, including toxic metals and aggressive chemical
compounds. Metals naturally participate in biological and geological cycles and are
essential for the growth of organisms - from bacteria to humans - yet they are required only
in trace concentrations, as excess levels can damage biological systems (FERRUCCI et al.,
2017).

Soil contamination by toxic metals is particularly harmful because these elements
are persistent, non-degradable, teratogenic, mutagenic, and carcinogenic (ALLOWAY,
2010). Arsenic and chromium are metals that do not naturally occur in any organism and
do not perform nutritional or biochemical functions in microorganisms, plants, or animals.

Metals frequently associated with toxicity include arsenic, aluminum, lead,
mercury, cadmium, manganese, copper, and iron. The accumulation of these substances in
soil or biological systems occurs because they are not biodegradable, and their ingestion
can have severe consequences for human and animal health, causing renal, pulmonary,
cardiac, neurological, and gastrointestinal disorders, skin irritation, and various cancers,
among other effects (MOSCHEM & GONCALVES, 2020). Chromium and arsenic are
known to be potent carcinogens (OHGAMI et al., 2015). Their release from CCA-treated
residential structures - including stairs and outdoor installations in apartment complexes in

Florida - has prompted extensive research (GRESS et al., 2016).
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Among the effects of heavy-metal contamination in soils are the inhibition of
enzymatic activities due to the destruction of self-purification capacity via biological
regeneration processes, as well as qualitative and quantitative reductions in the natural
growth of soil microbial communities. Additional impacts include decreased crop yields
and alterations in product composition, posing risks to consumer health due to metal
incorporation into the food chain (CHEN et al., 2015).

Arsenic is a significant chemical substance present in air, soil, water, and food. It
may occur naturally or as a result of pollution from human activities (FSANZ, 2017). The
main pathways of arsenic intoxication involve contaminated water and contact with
polluted soil (USEPA, 2000). Tang (2015) reported the persistence of arsenic in soils
surrounding playground structures, representing a contamination source for children
through dermal contact and ingestion of contaminated soil. Additionally, elevated arsenic
concentrations in groundwater are a frequent consequence of the use of CCA-treated wood
(ROBINSON et al., 2004; SOUTH et al., 2007).

The most common industrial use of Cr(VI) in recent decades has been chromated
copper arsenate (CCA), a water-based wood preservative widely applied in the United
States during the 1980s, 1990s, and early 2000s (AWPI, 1999). Since 2003, the U.S.
Environmental Protection Agency (EPA) has restricted the use of CCA-treated wood for
residential purposes, permitting it only for industrial applications. Countries such as
Germany, Australia, and Japan have implemented partial or total restrictions on CCA use.
Even after EPA restrictions in 2003, Jambeck et al. (2007) estimated that approximately
9.7 million cubic meters of CCA-treated wood were discarded in the United States in 2008.

In China, such restrictions have not yet been implemented, and CCA-treated wood
remains widely used in public parks (TANG et al., 2015). Recently, arsenic concentrations
of up to 110 mg.kg" have been reported in soils adjacent to CCA-treated wood structures
(GRESS et al., 2016).

King et al. (2019) also documented the persistence of arsenic in soils surrounding
old playground structures as an exposure pathway for children through dermal contact and
ingestion of contaminated soil. Takahashi et al. (2018) reported deleterious effects in
multiple organs of rats exposed to CCA for one month. However, limited attention has
been given to the effects of CCA and its components on genotoxicity and cell-cycle

dynamics in exposed organisms.
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5 SOIL

Soil is the layer of organic and inorganic material that covers the rocky surface of
the Earth. The organic fraction derives from the decomposition of plants and animals and
is concentrated in the upper portion of the soil. The inorganic fraction consists of rock
fragments. Other components of soil include water and air, whose proportions vary
according to rainfall events (MENEZES, 2017). Soil is a rich natural system composed of
minerals, organic matter, gases, liquids, and organisms engaged in dynamic interactions
(YU et al., 2019). Industrialization and urbanization have resulted in widespread soil
contamination by several toxic metals, including Cr, As, Cd, Hg, Pb, Se, Zn, and Ni
(GONG et al., 2018).

When contaminants reach the soil through leaks or spills, they undergo geochemical
and biological processes and distribute among different phases: vapor phase, residual or
adsorbed phase, free phase, and dissolved phase. The distribution of the contaminant
depends on its physicochemical characteristics and the type of soil (POLICARPO, 2008).
Among the main contaminants are toxic metals, which are considered a major source of
soil pollution because they are stable in the environment and cannot be degraded
(BORGES, 2007).

Resolution N°. 420 of the National Environmental Council (CONAMA, 2009)
establishes criteria and guideline values for soil quality concerning the presence of
chemical substances and sets forth directives for the environmental management of areas
contaminated by anthropogenic activities. According to CONAMA, prevention values
(PV) represent the threshold concentrations below which soil is capable of sustaining its
main ecological functions. Investigation values (IV) represent concentrations above which
potential risks - direct or indirect - to human health exist.

The quality reference value (QRV) corresponds to the concentration of a given
substance that defines the natural quality of the soil and is determined through statistical
interpretation of physicochemical analyses of diverse soil types, as recommended by
CONAMA Resolution N°. 460/2013. CONAMA established classes to define soil quality
according to the concentration of chemical substances:

Class 1 — soils with concentrations of chemical substances less than or equal to the
QRV;

Class 2 — soils with concentrations of at least one chemical substance greater than

the QRV and less than or equal to the PV;
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Class 3 — soils with concentrations of at least one chemical substance greater than
the VP and less than or equal to the IV;

Class 4 — soils with concentrations of at least one chemical substance greater than
the IV.

Table 5 presents the guideline values for soils according to CONAMA Resolution
N°. 420/2009.

Table 5. Guideline values for soils (mg.kg! dry weight).

v
ST AR Y Agricultural Residential Industrial
Arsenic 15 0.60 35 55 150
Barium 150 84 300 500 750
Cadmium 1.3 0.5 3 8 20
Lead 72 13 180 300 900
Cobalt 25 4 35 65 90
Copper 60 5 200 400 600
Chromium 75 35 150 300 400
Mercury 0.5 0.1 12 36 70
Nickel 30 9 70 100 130
Vanadium - 24 - - 1000
Zinc 300 35 450 1000 2000

Source: Adapted from CONAMA, 2009
! Prevention values established in CONAMA Resolution N°. 420/2009.

Ordinance FEPAM N°. 85/2014 establishes RQV for soils for nine chemical
elements naturally present in the geomorphological/geological provinces of the state of Rio
Grande do Sul (RS). The regulation addresses the importance of determining natural
background concentrations to define the intrinsic quality of RS soils and to support proper
environmental management of areas contaminated by these substances due to
anthropogenic activities. Table 6 presents the reference values (90th percentile) for metals

according to different soil groups.

Table 6. QRV (90th percentile) by soil group based on geomorphological/geological provinces of Rio Grande do

Sul.
., Grupos de solos originados das provincias geomorfoldgicas/geologicas do RS
Elementos (mg.kg") ) B 3) @) )
7n 120 31 31 29 33
Cu 203 9 13 11 37
Cr 94 40 25 21 27
Ni 47 12 10 7 11
Pb 36 18 19 16 27
Cd 0.59 0.40 0.38 0.42 0.36
Co 75 13 8 7 29
\% 567 48 56 76 177
Hg 0.073 0.034 0.043 0.015 0.105
Source: Adapted from Ordinance FEPAM N°. 85/2014.




The mobility and retention of toxic metals in soil vary according to their properties,
such as pH, cation-exchange capacity, organic matter content, quantity and type of clay
fraction, and ionic competition (CETESB, 2001). Regarding the incorporation of non-
hazardous industrial biosolids into agricultural soils, Ordinance FEPAM N°. 80/2020
specifies that the application of biosolids is prohibited in agricultural areas that exhibit
metal concentrations within the investigation-level thresholds of CONAMA Resolution

420/2009.

6 MONITORING OF METALS IN SOILS

The determination of metals in soil samples and the evaluation of their
concentrations are generally performed using atomic absorption spectrophotometry. The
analytical digestion method most commonly employed for soil samples is that of the United
States Environmental Protection Agency (USEPA), known as EPA 3052, whose purpose
is the complete decomposition of the sample matrix.

According to this method, representative samples of 0.5 g are digested in 9 mL of
concentrated nitric acid and 3 mL of hydrofluoric acid for 15 minutes using microwave-
assisted heating. The sample and acids are placed into inert digestion vessels. The vessel is
then sealed and heated in a microwave digestion system. After cooling, the vessel contents
are filtered, centrifuged, decanted, diluted, and subsequently analyzed using the selected

instrumentation.
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CHAPTER 5:
LOW-COST METHOD FOR THE EXTRACTION OF BISPHENOL-A IN
GOLDEN MUSSEL (LIMNOPERNA FORTUNEI) FOR
ENVIRONMENTAL ANALYSIS

Bernardo dos Santos Vaz, Suzana de Moura Pereira, Aleccia Rodrigues Macedo

ABSTRACT

Bisphenol A (BPA) is a widely distributed micropollutant and endocrine-disrupting compound
with weak estrogenic activity. This study aimed to develop a low-cost and environmentally
friendly analytical method for the identification and quantification of BPA in golden mussel
tissues. Samples were pre-concentrated by freeze-drying and subjected to solvent extraction
(80% methanol and 20% water) under sonication. Extracts were analyzed by high-performance
liquid chromatography (HPLC). Three drying approaches—nitrogen flow, a 40°C laboratory
oven, and a glass desiccator with silica gel—were evaluated to reduce operational costs. The
glass desiccator provided the most efficient recovery with minimal maintenance requirements.
The method achieved limits of detection and quantification of 0.0023 pg/mL and 0.0465 pg/mL,
respectively. BPA levels quantified in mussel extracts reached 0.8365 pg/mL. Overall, the
developed procedure constitutes a robust, cost-effective, and environmentally sustainable
liquid-liquid extraction method suitable for BPA determination in biological matrices.

Keywords: Environmental analysis; Chromatography; HPLC; Endocrine disruptors; Mussel;
Organic pollutants.

1 INTRODUCTION

Bisphenol A (2,2-bis(4-hydroxyphenyl)propane), or BPA, is a plasticizing chemical
compound with endocrine-disrupting properties found worldwide. It is one of the most
important synthetic products, manufactured on a large scale since the 1960s (STAPLES et
al., 1998). Due to its phenolic molecular structure, BPA can interact with estrogen receptors
and therefore exert estrogenic activity (KONIECZNA; RUTKOWSKA; RACHON, 2015).

The harmful implications of BPA are not limited to humans. The homeostasis of
aquatic ecosystems can be disrupted in several ways, including feminization of wildlife
species and developmental or behavioral alterations (BHANDARI et al., 2015).

Due to the high production volumes and disposal of products synthesized from
BPA—such as polycarbonate plastics, epoxy resins, flame retardants, and other
materials—its presence has been widely detected in environmental matrices (BOLZ;
HAGENMAIER; KORNER, 2001). Wastewater discharges and plastic debris constitute
the main pathways of BPA contamination in aquatic environments (PHILBERT et al.,

2008; IM; LOFFLER, 2016; ARAKAWA, 2020).
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The incorporation of BPA into food webs and the contamination of ecosystems have
increasingly drawn scientific attention, given its capacity to interfere with growth
physiology, lipid accumulation, reproduction, and the endocrine system, as well as to
induce hypothyroidism in mammals (ZAFRA-GOMEZ et al., 2008; AHMED; WALAA;
ASMAA, 2018). BPA exhibits weak estrogenic properties and is commonly detected at
concentrations ranging from pg-L™! to ng-L™’, thereby being classified as a micropollutant
(OEHLMANN et al., 2009).

Monitoring pollutants such as BPA in biological matrices is challenging,
particularly due to the difficulty of obtaining reliable analytical methods for detecting the
low concentrations present in environmental samples. Several sensitive and selective
analytical techniques are available for the determination of organic micropollutants—such
as gas chromatography and liquid chromatography—and are widely used for separation,
identification, and quantification (GIBSON et al., 2007). However, additional challenges
arise with plasticizers, as many laboratory consumables (e.g., syringes, filters, pipettes) are
composed of similar materials. Furthermore, due to trace-level concentrations, multiple
extraction procedures are often required for quantification.

In this context, the present study proposes analytical procedures to develop a simple,
low-cost, and environmentally friendly methodology for extracting and determining BPA
in the golden mussel Limnoperna fortunei. The method is based on high-performance
liquid chromatography with a diode-array detector (DAD), combined with ultrasound-

assisted liquid—liquid extraction for BPA determination in a biological matrix.

2 METHODOLOGY
2.1 MATERIALS AND STANDARDS

The analytical standard BPA 99% (C15H1602) (CAS 80-05-7) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Methanol (CH30OH) (CAS 67-56-1), previously
distilled, was of HPLC grade. Acetonitrile (CH3CN) (CAS 75-05-8), HPLC grade, was
obtained from Merck. All reagents used were of analytical grade, and all aqueous solutions

and washing water were prepared using deionized and double-distilled water in glassware.

2.2 CLEANING OF MATERIALS AND PREPARATION OF BPA-FREE SAMPLES
All materials used were washed with a 1% Extran solution (MA-02-neutral, Merck)

and rinsed with ultrapure water (Milli-Q system, Micropore) distilled in glass. Drying was
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carried out in an oven at 100 °C for non-volumetric glassware, and in a muffle furnace at
250 °C for ceramic and metal materials. Afterwards, all items were rinsed again with
distilled methanol to remove potential traces of organic matter and BPA and then dried
under the same conditions. All plastics used (microtubes, conical tubes, pipette tips) were
high-quality polypropylene to avoid contamination of samples by BPA. Before the
cleaning process, both water and solvents contained detectable BPA residues, but after

cleaning, all were tested by HPLC to ensure BPA-free conditions.

2.3 COLLECTION AND STORAGE OF GOLDEN MUSSEL SAMPLES

Golden mussels were collected in the Pelotas Stream (31°45'37.9"S 52°16'29.9"W),
located in the urban area of the municipality of Pelotas, Rio Grande do Sul, Brazil, in
October 2017. All sampling procedures were carried out with precautions to minimize the
risk of BPA contamination. Samples were stored and transported in amber glass bottles
with aluminum caps and protected from light. Upon arrival at the laboratory, samples were
frozen for storage.

Whole frozen mussels were placed in decontaminated containers and freeze-dried
for 24 h. After lyophilization, samples were stored in amber glass flasks covered with

aluminum foil to protect them from light and kept at —10 °C.

2.4 SAMPLE PREPARATION

Sample preparation was carried out under stringent contamination-control
conditions. To extract analytes from mussel samples, a liquid—liquid extraction method was
employed. A total of 100 mg of soft tissue was separated and homogenized. After
maceration, 5 mL of extraction solvent (80% methanol and 20% water) was added.
Samples were transferred to 15 mL conical tubes, vortexed for 2 minutes, and sonicated at
room temperature for 60 minutes.

After ultrasonic treatment, samples were filtered using a Biichner funnel (50 mL)
with a porous plate and cellulose acetate membrane (47 mm diameter, 0.45 pum pore size),
aided by a vacuum pump (Pro-Tools model 131) and a Kitasato flask. The filtrates were
then transferred to 2 mL microtubes and dried. Subsequently, 500 uL. of methanol was
added and samples were centrifuged in a MiniSpin centrifuge for 10 minutes. A total of

100 pL of the supernatant was transferred to amber HPLC vials for analysis.
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2.5 DRYING TESTS FOR CONCENTRATION
A BPA stock solution (2.6 mg-mL™") was prepared to obtain a 9 pg-mL™" standard
solution for drying tests, in order to assess potential analyte losses during solvent
evaporation. The extraction solvent consisted of methanol and water (80:20%). Amber
vials were filled with 1.5 mL of the solution and dried using the following methods:
e glass desiccator with silica under vacuum;
e oven at 40 °C;

e nitrogen stream.

After drying, 500 pL of methanol was added for HPLC analysis. All drying tests

were performed in triplicate.

2.6 HPLC INSTRUMENTATION AND CONDITIONS

HPLC analyses were carried out using an Agilent 1260 Infinity High-Performance
Liquid Chromatograph equipped with a diode-array detector (DAD, model G1315D),
column housing (G1316A), autosampler (G1329B), and quaternary pump (G1311C). The
analytical column used was a Phenomenex Kinetex Core-Shell C18 100 A (4.6 x 250 mm,
5 um). The mobile phase consisted of water (A) and acetonitrile (B) in a gradient: 15 min
A:B 80:20%, 10 min A:B 50:50%, 10 min B 100%, 10 min A:B 80:20%. The total run time
was 45 min per sample, with a flow rate of 0.5 mL-min™', column temperature of 24 °C,
and injection volume of 10 pL. Detection was performed at 220 nm.

The linear correlation coefficient (r) was obtained from a BPA calibration curve
(0.5,1,2,4,and 8 pg'mL™"). A stock solution of 5 mg-mL™" was prepared by weighing the
analytical standard and diluting it in methanol. The limits of detection (LOD) and
quantification (LOQ) were calculated using signal-to-noise ratios of 3:1 and 10:1,
respectively.

BPA identification was based on spectral matching and retention time.
Quantification followed the external calibration curve method, using linear regression of
peak areas relative to standard concentrations. All calibration points and mussel extracts

were analyzed in triplicate.
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2.7 BLANK CONTROL TESTS

Blank control tests were performed during all experimental procedures to exclude
potential analytical interferences or contamination during sample processing. Solvents
were processed following the same sample preparation procedures. No BPA was detected

in blank assays.

3 RESULTS AND DISCUSSION
3.1 PRELIMINARY STUDIES: CLEANING TEST RESULTS

One of the major challenges when working with a ubiquitously distributed
compound such as BPA is obtaining standardized and contamination-free samples
(CERKVENIK-FLAIJS, 2020). There is a shortage of detailed standardized methodologies
for glassware cleaning routines prior to BPA analysis, and the compound is frequently
affected by blank contamination (SALGUEIRO-GONZALEZ et al., 2012). For the
preparation of standards and samples, several BPA-free methods and materials were used,
as described below.

Regarding materials, glass, ceramic, and stainless-steel items were selected because
they are naturally BPA-free and resistant to high temperatures and organic solvents, both
of which were necessary for the cleaning protocol. However, part of the extraction
technique developed in this study required centrifugation. A market survey was performed
to determine whether any manufacturer provided BPA-free conical tubes. Only the German
laboratory brand Eppendorf® offered such products in Brazil, and these were scientifically
verified to be BPA-free (GATIMEL et al., 2016).

Analysis of blank samples indicated that the cleaning protocol and the distillation
of solvents and water were effective for eliminating BPA contamination. Several authors
have reported methodological difficulties in achieving BPA-free samples (SALGUEIRO-
GONZALEZ et al., 2012; CERKVENIK-FLAJS, 2020). Problems related to contaminated
HPLC vial septa were resolved by adopting chemically inert alternatives, such as
silicone/PTFE (CERKVENIK-FLAJS, 2020). Therefore, routine testing of laboratory
consumables is advised to confirm the absence of BPA (CERKVENIK-FLAJS, 2020).

3.2 LYOPHILIZATION RESULTS: WET-TO-DRY MASS CONVERSION
The use of fresh mussels requires more labor compared with freeze-dried mussels.
Fresh specimens must be externally cleaned, and the opening of valves and removal of soft

tissues is more difficult and time-consuming than when using lyophilized individuals. On
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average, mussel soft tissues consist of 83% water, 9% proteins, 4% carbohydrates, 2% ash,
and 1% lipids (FURLAN et al, 2011). Lyophilization facilitates maceration and
homogenization, enabling the processing of larger amounts of tissue and functioning as a
pre-concentration method (RAJASARKKA; VIRTA, 2013). This technique generally
provides satisfactory recovery (MARTINEZ-MORAL; TENA, 2011) and has been used in
chromatographic analyses for determining multiple organic compounds in human milk
(RODRIGUEZ-GOMEZ et al., 2014), BPA in zooplankton, poultry manure, the sea
cucumber Holothuria tubulosa, and marine sediment (RODRTGUEZ-GOMEZ etal., 2014;
STANISZEWSKA; NEHRING; MUDRAK-CEGIOLKA, 2016; MARTIN et al., 2017;
AZNAR et al., 2018). In this study, lyophilization reduced sample volume by more than
80%.

3.3 DRYING TEST RESULTS

One of the most widely employed methods for drying BPA-containing samples is
nitrogen (N;) evaporation (ARAR; ALAWI, 2019; CERKVENIK-FLAIJS, 2020; GUO et
al., 2020; HERRERO et al., 2021; DE LEO et al., 2021; TRAN et al., 2021). In our
experiments, drying 4.5 mL from three vials containing methanol/water (80:20%) required
a 10 L cylinder of high-purity N, (99.99%), which costs approximately R$ 900. Industrial-
grade N, (99.8%) costs around R$ 200.

Due to the high cost and large gas consumption required for sample concentration
and drying, alternative methods were investigated to reduce expenses without
compromising BPA recovery or causing contamination.

The drying test results for nitrogen flow, desiccator, and oven drying are shown in
Table 1. According to the data obtained, no analyte loss occurred during any of the drying
methods. Samples dried under nitrogen flow must be processed individually, require
constant cylinder monitoring, and have an average drying time of approximately 6 hours
per vial. For three vials totaling 4.5 mL, an entire 10 L cylinder was necessary.

Oven drying was the slowest technique (53 hours) and may increase the risk of
contamination due to prolonged exposure. Samples dried in a desiccator required 48 hours
and minimal handling, making this the preferred method, as it showed no significant
variation compared with the control (Table 1).

Based on these results, the desiccator method was selected for sample drying and

concentration due to its low maintenance cost and efficient analyte recovery.
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Table 1. Drying tests to assess possible BPA losses.

Samples Recovery (%) %RSD

Control 100 0.77
N 106.12 1.62
Desiccator 106.18 1.08
Oven 40 °C 112.90 11.05

3.4 ANALYTICAL PERFORMANCE
3.4.1 Linearity

For the construction of the analytical curve (Figure 1), the concentrations ranged
from 0.5, 1, 2, 4, and 8 pg/mL. The calibration curve was obtained by plotting the peak
areas (Y) against the analyte concentrations (X). A linear relationship was observed
between the peak area and the standard BPA concentration. The regression line generated
during calibration was described by Y = 64.3X + 17.8 (r> = 0.994) for BPA.

The linear correlation coefficient meets the requirement established by Anvisa,
which must be equal to or greater than 0.99 (ANVISA, 2017), demonstrating that the tested

concentration ranges indicate a linear method suitable for sample quantification.

Figure 1. Calibration curve of BPA.
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3.4.2 Sensitivity

The sensitivity of the method is demonstrated through the limits of detection and
quantification. The limit of detection is the lowest analyte concentration identifiable in the
blank, while the limit of quantification is the lowest analyte concentration that can be
reliably quantified. The limit of detection was 0.0023 pg/mL, and the limit of quantification
was 0.0465 pg/mL based on the signal-to-noise ratio for BPA.

3.4.3 Quantification of BPA in Golden Mussel Tissues

The developed method was applied to freeze-dried soft tissues of the golden mussel
collected in the environment. BPA concentration in the mussel extracts (0.8365 pg/mL +
0.0855) was above the limit of quantification (0.0465 pg/mL).

Figures 2 and 3 show the chromatogram of BPA (retention time: 13.519 min)
extracted from the golden mussel (Limnoperna fortunei). The procedures adopted resulted
in an average recovery of 83.65 ng/g of dry mussel tissue (8.365 ng/100 mg of dry tissue).
Considering that each 100 mg of dry tissue contains 5.5 mussels (average adults ~15 mm),
based on the extraction data, each individual contains approximately 1.5 ng of BPA in its

tissues.

Figure 2. Chromatogram of a BPA sample (retention time: 13.519 min) extracted from the biological matrix

(Limnoperna fortunei). Absorbance (mAU) is shown on the Y -axis and time (minutes) on the X-axis.
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The method did not demonstrate selectivity between peaks, as interferents were
observed at the analyte’s retention time (Figure 3). However, the selectivity of an analytical
method can be demonstrated through its ability to unequivocally identify or quantify the

analyte of interest. In chromatographic methods, chromatographic purity of the analyte
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must be verified (ANVISA, 2017). The result obtained indicated a high degree of purity,
internally measured by the chromatograph (999.475 purity). Therefore, in addition to
detecting and identifying the analyte, a degree of selectivity was achieved in the column,

enabling the isolation of BPA during extraction from mussel tissues.

Figure 3: Detail of the chromatogram of a BPA sample (retention time: 13.519 min) extracted from the

biological matrix (Limnoperna fortunei). Absorbance (mAU) on the Y -axis and time in minutes on the X-axis.
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The confirmation of positive results for environmental pollutants has become a
concern due to the negative effects associated with identification errors. Reliable analytical
methods with accurate quantification of analytes must be developed, but the analyte must
also be unequivocally identified at the concentration levels of interest (HERNANDEZ et
al., 2007).

4 CONCLUSIONS

The pre-concentration method using freeze-drying followed by solvent extraction
(methanol + water) and determination by HPLC proved suitable for the detection and
quantification of BPA in soft tissues of the golden mussel. Analyses of mussel samples
collected in Arroio Pelotas, RS, indicated contamination by BPA.

The development of fast, efficient, low-cost, and environmentally friendly
methodologies for the detection and quantification of plasticizers in tissues and
environmental samples is important due to the harmful effects of these pollutants on human
and environmental health. The test results depend on the type of environmental matrix. The
method was efficient, inexpensive, and environmentally sound for the determination and

quantification of BPA in golden mussel tissues.
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CHAPTER 6:
EVALUATION OF PH CHANGE IN EVAPORATED LABORATORY
CHEMICAL WASTE BY SOLAR EVAPORATION

Gladimir da Silva, Pablo Machado Mendes

ABSTRACT

Solar evaporation is a term commonly used when using equipment, often home-built, to
evaporate water from chemical waste in order to reduce its volume. Condensed water is
generally considered to be free of contaminants and is, in most cases, freely discarded. This
study sought an empirical evaluation, considered as a preliminary test to verify the pH of the
condensed fraction, as an initial assessment of a future solar distillation project for laboratory
chemical waste, in which a single-effect solar evaporator the size of a computer case
(deactivated, using only the casing) will be used and which will seek an alternative for reducing
the volume of liquid chemical waste by increasing its useful life by reusing the drums in which
they are discarded and stored in the building of the institution in question. The procedure is low
cost, easy to perform and was based on the simple placement of petri dishes containing the
liquid residue in the sun. After partial condensation on the upper inner part of the lid of the
closed petri dish, the pH was measured and showed an improvement in relation to the initial pH
of the residue, demonstrating a high potential for using this technology for the desired purpose.
It is important to note that further studies are necessary to ensure that the condensate is not
contaminated with possible chemical residues that may undergo the solar evaporation process
and still remain above the required legal parameters.

Keywords: Effluent; Evapoirradiation; Refuse.

1 INTRODUCTION

Initially, chemical waste management consists of a hazardous waste management
program that seeks to identify procedures to ensure the correct segregation, disposal,
storage, transport, and final destination of these wastes, minimizing the environmental
impact caused by the incorrect disposal of toxic waste. In this context, the disposal of
chemical waste from laboratories is varied, both in terms of its origin and the chemical
characteristics of the waste itself, as observed at the site under study. The minimum action
required of the administration is to try to develop simple, inexpensive, and sustainable
procedures to deal with this chemical asset and liability that plagues public entities.
Specialized companies charge per liter of effluent received, and an alternative to reduce
costs would be pre-treatment of the effluent to reduce volume (Souza, 2016). This work
aligns with the need to reduce the volume of chemical waste generated in public and private
technical and higher education institutions. These institutions must align with national
government plans, as these plans demand environmentally sustainable conduct that is

consistent with the educational objectives provided to the internal academic community
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and other external stakeholders, such as regulatory environmental agencies and the wider
community. Ideally, all institutions would strive for performance that is rigorously aligned
with new global ESG (environmental, social, and governance) trends. However, in
practice, institutions face structural problems and often struggle to adopt this type of
proposal, which, apparently, suggests a more advanced management approach in most
cases. The inclusion of didactic experimentation programs for the reuse of chemical waste,
associated with effluent neutralization and evaporation processes, will bring a series of
benefits to organizations and the environment, as it minimizes organizational costs,
improves the community's quality of life, and preserves the natural ecosystem (Filho et al.,
2019). Solar evaporation is a term commonly used when employing equipment, often
homemade, to evaporate water from chemical waste in order to reduce the volume of waste.
This methodology is perfectly suited for all institutions, as it offers a cheap alternative that
can reuse materials for the construction of the solar evaporator. Therefore, this work
proposed a simple pH verification, on a minimal scale, through the placement of chemical
waste in a Petri dish in the sun in order to have a preliminary reflection on the condensates
of some laboratory chemical waste. The average humidities of cities in Rio Grande do Sul

were also initially observed, according to (VAGHETTI, 2025).

2 THEORETICAL FRAMEWORK

There are several technologies for producing potable water from saltwater, such as
reverse osmosis, electrodialysis, multi-stage flash distillation, multi-effect distillation, and
solar distillation. Among these technologies, solar distillation presents itself as an
interesting alternative, since it uses a free and abundant energy source, is easy to operate,
does not generate pollution, and is effective in water treatment, thus being an integrated
solution for both the scarcity of potable water and the energy and environmental problems
also faced (FARIA, 2015).

Compared to traditional methods, such as incineration or chemical treatments,
evaporation is more economical and ecological, reducing the volume of effluents by up to
90%. This results in significant savings in operating costs, which can reach 30%, even
considering the initial acquisition, electrical, maintenance, and evaporator cleaning costs.
(FILHO, 2024).

Normally, the pH of distilled water is acidic. Water for human consumption is, in

general terms, a solution, while distilled water is a pure substance; however, all water that
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comes into contact with the atmosphere will dissolve carbon dioxide, which is why the pH
is less than 7.0. (CARVALHO, 2015).

Regarding performance in solar stills, the maximization of performance in conical
solar stills was achieved through various energy storage materials such as steel spheres,
glass spheres (marbles), sand-colored stones, and black gravel, all 1.5 cm in diameter.

BELLILA et al. (2024, p. 1).

3 METHODOLOGY

The experiment began with the arrangement of 10 types of waste from chemistry
teaching laboratories (photo 1) in lidded Petri dishes, without hermetically sealing (external
lid diameter: 9.5 cm; internal diameter: 9.0 cm and height: 2.0 cm), placed outdoors with
the liquid waste (photos 2, 3 and 4). The dishes contained distilled water (the white),
copper, chromium, iron, basic inorganic, carbonates, metallic organic, KMnO4, silver,
alcohol, and inorganic acid waste. The external temperature was measured at 20°C at 10:10
am on a sunny morning in April, during the autumn season in the city of Pelotas-RS.
Relative humidity: 73% and atmospheric pressure: 1016 mb. Subsequently, the container
was exposed to sunlight for a period of 2 hours, from 9 to 11 am, so that the physical
phenomenon of evaporation would occur naturally on the residue present. It is known from
previous studies (Vasconcelos, 2015) that such evaporation can reach 95% of the total
effluent volume in a common single-effect evaporator. The residues were poured into the
petri dishes in a volume of 10 mL. The initial pHs of the liquid chemical residues in the
containers were measured beforehand for later comparison with the pH measurements of
the condensate in the petri dishes. The pH of the condensed liquid in the upper inner part
of the dish was measured using Macherey-Nagel pH paper, Ref. 92110 (photo 5).
Furthermore, the choice of solar evaporation was due to the use of free natural energy,
since artificial heat sources demand high expenditure on electricity or gas. It must be
considered that solar evaporation is not rapid and depends on sunny days for a continuous
and fluid process, noting that very hot days impair evaporation due to the temperature that
can rise on the glass surface. Also, the colligative effect (David, 2014), that is, the effect
due to the gradual increase in solute concentration during solar evaporation, as condensate
is produced.

Next, the most concentrated residue from the petri dish was transferred back to the
original container, and the neutral pH evaporates were discarded. Table 1 shows the

increase or decrease in pH values of each type of residue and its respective condensate..
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Photo 1 — Chemical laboratory waste containers:

Source: by the author.

Photo 2 and 3 -Petri dishes exposed to sunlight in a preliminary test: distilled water (blank), solutions of copper,
chromium, iron, inorganic bases and carbonate residues:

Source: by the author.
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Photo 4 -Petri dishes exposed to sunlight in a preliminary test: solutions of organic metallic residue, KMnO4,
silver, alcohol, and inorg

8. Metalico

Photo 5 - pH strip

anic acids:

Source: by the author.
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A39779 { Rev. 201111 LOT: 1001843

Source: by the author.

Table 1 — Laboratory waste solutions, pH of the waste and pH of its condensate:

Residue in solution

Initial pH of the residue

pH of the condensate on the lid of the petri

dish

Cobre 12 10
Cromo 1 3
Ferro 1 4
Basico inorganico 12 7
Carbonatos 8 7
Metalico organico 0 3
KMnO4 1 6
Prata 5 5
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Alcool 5 6

Inorganico acido 1 5

agua destilada
(branco)

4 RESULTS AND DISCUSSION

According to Table 1, two residues reached a neutral pH, while six improved their
pH to near 7 compared to the original pH. Even so, 90% of the residues tested showed an
improvement in pH. This highlights an opportunity to study the reduction of laboratory
waste through solar evaporation. It was observed that the condensates of the chromium and
iron waste solutions, with a pH of 1.0, increased to pH 3 and 4 respectively, still acidic,
possibly due to contaminants, reflux caused by the condensate dripping back into the solute
due to the very low height of the Petri dish lid. The same occurred with the organic metallic
residue, with an increase in pH from O in the residue to pH 3 in the condensate. In the
copper residue solution, the pH decreased from 12 in the residue to 10 in the condensate.
The basic inorganic residue decreased in pH from 12 to 7, the KMnO4 residue increased
from 1 to 6, and the acidic inorganic residue increased from 1 to 5 in the residue and
condensate. The silver residue, with a pH of 5, remained constant in the condensate, while
the alcohol residue went from pH 5 to 6. If these pH values are repeated in the single-effect
evaporator, it would be advisable to re-evaporate the more acidic solutions in an attempt to
equalize the pH values. The pH of the distilled water (blank) remained at 6. Regarding
costs, it is important to report that the collection of the last batch of waste at the institution
cost approximately R$30,000.00 for the disposal of 1200 liters of hazardous liquid
laboratory waste. Analyzing the existing literature (Vasconcelos, 2015), it is possible to
achieve a reduction of up to 95% in the volume of waste with this same technology, solar
evaporation. Applying the simple calculation (0.95 x 1200 liters = 1140 liters evaporated),
leaving 60 liters of waste to be disposed of (approximate price to dispose of 60 liters = R$
1,500.00 reais), in the proper proportions and logistics, a more than significant, viable and
necessary saving. As for the mass of dry residue at the bottom of the container, this can
vary substantially, noting that the concentrations from one drum to another can also vary,
possibly due to the diversity of procedures resulting from different dilutions of discarded
waste. The final result was obtaining a clean condensate with a moderated pH. Even more
important is to know, preliminarily, the behavior and pH values of the condensate, as it
will be discarded if it shows an absence of contamination and has a pH close to neutral.

The final result was obtaining a clean condensate with a moderated pH.
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5 FINAL CONSIDERATIONS

Based on initial tests, it is suggested that further development of the study on
evaporation and volume reduction of chemical waste generated in chemistry laboratories
be pursued. It would be constructive to begin a feasibility study of economic and
operational viability, aiming to reduce the volume of effluent requiring special
management. It is also advised that the chemical waste evaporation strategy should
complement other methodologies for minimizing, eliminating, and treating these effluents.
Future work should involve verifying the concentration of the aforementioned waste
condensates, which should be below the parameters monitored by environmental agencies.
This establishes a more sustainable and economical approach to managing this type of
environmental liability originating from public and private institutions. Article 225,
"caput," of the Federal Constitution (BRAZIL, 2023) is explicit regarding the duty of the
Public Authorities to defend and preserve an ecologically balanced environment. Also
according to Law 6.938/1981, in its article 4 - The National Environmental Policy will aim:
I - at the compatibility of socio-economic development with the preservation of
environmental quality and ecological balance; And, thus, sustainable national development
as one of the principles of Law 14.133/2021, the new law on bidding and administrative

contracts.

6 CONCLUSION

Finally, this preliminary study, which verified pH equalization and improvement in
8 out of 10 samples, allowed us to foresee the viability of the evaporation process for
chemical laboratory waste. Condensation was found in 8 types of waste, and we
recommend that future work continue with studies investigating possible condensate
contamination with greater precision, within or well below the inspection parameters, in

order to guarantee its safe disposal.
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CHAPTER 7:
PHYTOTOXICITY ASSESSMENT BY GERMINATION INDEX (GI) IN
SOIL FROM A FISH WASTE DISPOSAL SITE ON THE SHORE OF A
LAGOON

Gladimir da Silva, Daniela Harter Hornke, Thabata Bierhals Hartwig, Pablo Machado Mendes

ABSTRACT

It is known that fish processing waste is an environmental problem in Brazil and a challenge
for managers and researchers nationwide. This situation prompted our objective to seek a
phytotoxicological evaluation of a fraction of beach soil where fish waste is buried at shallow
depths after evisceration and cleaning. This preliminary bioassay aims to learn more about the
lagoon shore soil that receives this waste. The bioassay used the germination of lettuce seeds
in a prepared medium originating from the soil to be analyzed. Using this method, consolidated
in the technical literature, the phytotoxicity or non-phytotoxicity of the studied medium was
qualitatively verified. The method used is simple, yet extremely relevant as a preliminary
diagnosis, being economical, fast, and objective compared to other costly and time-consuming
methodologies in obtaining results. The procedure is low-cost, easy to perform, based on the
direct collection of possibly polluted soil, with its transport to the laboratory and subsequent
execution of the analytical procedure. After analysis, toxicity was demonstrated by the
germination index in lettuce seeds in the collected beach sample. The result showed that there
was toxicity in the sample. It should be noted that to precisely quantify the degree of toxicity
of the soil on the edge of the lagoon, further studies are needed with the association of other
methodologies.

Keywords: Bioassay; Contamination; Toxicity.

1 INTRODUCTION

Initially, the management of fishing waste in riverside communities is precarious,
and it is public knowledge that these animal-derived wastes are dumped directly into the
water or on the shoreline, which has an ecosystem sensitive to changes in the natural
environment caused by humans. In this context, the unregulated disposal of fishing waste
can become a health risk for the local population. Generally, beachfront areas near
processing plants are the sites where fish waste is disposed of. It is important to emphasize
that fishing waste is classified as "other," in class 1 (hazardous) or class 2 (non-hazardous),
and the classification will depend on the physicochemical or infectious characteristics, such
as pathogenicity, reactivity, corrosiveness, and toxicity, according to the Brazilian
Association of Technical Standards (ABNT) (2024), specifically, NBR 10.004/2024, as
updated. As an expected ethical measure, we should attempt to develop simple,
inexpensive, and sustainable procedures with research studies and alternatives to these

anthropogenic liabilities that plague these locations, which are also tourist attractions.
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Companies in the sector collect a portion of this byproduct after evisceration and cleaning,
but residues still remain in the soil at the seashore and within the water bodies. This work
aligns with the need for a rapid biotechnological investigation, with simple and economical
identification, without complex quantifications, aligning with the current trend of
sustainability and the integration of problems faced by local actors with government
institutions. This work seeks to determine, preliminarily, whether a given deposition site is
toxic or not, enabling future, more detailed and generally costly investigations to obtain
more accurate results. In this sense, we seek to analyze quickly and effectively the
environmental quality of a beach soil area located a few meters from fish processing plants
where evisceration and cleaning of this product takes place. In the search for a practical,
reliable, and economical procedure, we refer to the following method consolidated in the
literature in line with ZUCCONI (1988): “phytotoxicity bioassay through germination
index (GI)”. It is also emphasized that the lower the GI, the greater the toxicity of the
compound analyzed, precisely because it totally or partially inhibits the growth of seed
roots, MENDES et al. (2020). Therefore, soil samples were collected from the shore of
Lagoa dos Patos in order to determine the health of the soil receiving in natura fish waste
buried in a specific location. It is necessary to adopt a national, viable, and low-cost
method, consistent with the new global ESG (environmental, social, and governance)
strategies, concerned with the environment and society, in this case, locally, and with the
initiative of members of a public institution maintained by resources from the Union.
Furthermore, this study aligns with Sustainable Development Goal number 14.1 of the
United Nations Brazil, which states: By 2025, prevent and significantly reduce marine
pollution of all kinds, especially from land-based activities, including marine debris and

nutrient pollution. UNITED NATIONS BRAZIL, (2025).

2 THEORETICAL FRAMEWORK

Seed germination tests have been widely used in recent years to indicate the toxicity
levels of samples of organic compounds, biosolids, residues, and effluents. Lactuca sativa
L., commonly known as lettuce, has been one of the main indicator species for these tests
due to its high sensitivity to low toxicity levels compared to other seeds, and also because
it is cultivated worldwide (MENDES et al., 2021).

Regarding the ecological effect (toxicity) of the generated sludge, in terms of
stimulating the growth of the bioindicator (lettuce), sludge from treatment with okra and

Moringa oleifera, separately, showed superior results when compared to sludge from the
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association of these plants, in the evaluation of the toxicity of sludge from water treatment
with natural coagulants/flocculants (SANTOS et al., 2025).

Raw and treated effluents from pig slaughterhouses showed phytotoxicity to
cucumber and lettuce seeds. The germination index of lettuce seeds showed a negative
correlation with the levels of total Kjeldahl nitrogen (TKN) and surfactants in the raw
effluent. Therefore, effluents from pig slaughterhouses cannot be used for agricultural
purposes, as they remain potentially phytotoxic even after treatment, Gerber et al., (2017).

It has been demonstrated that plant biomonitoring tests using L. sativa are useful
tools for evaluating and comparing the toxicity of industrial surface treatment effluents,
showing trace metal polycontamination in the evaluation of the phytotoxicity of
polycontaminated industrial effluents using lettuce (Lactuca sativa) as a bioindicator,
Charles et al., (2011).

The particle size and functional groups of microplastics (MPs) present in the soil
over long periods undergo changes, which affects their toxicity to plants. Our study
confirmed that the original MPs inhibited lettuce growth, while aged MPs exerted an even
more significant negative effect, LI et al., (2025).

In the evaluation of the phytotoxicity of treated wastewater using Lactuca sativa:
focusing on germination and root elongation test parameters, it was demonstrated that,
among the multiple variable parameters used in the germination and elongation tests, the
quality of the control water and seed density did not affect the lettuce germination rate

(GR), nor the root length or total length, PRIAC et al., (2017).

3 METHODOLOGY

The study began with the collection of a spot sample from a location where fish
waste/by-products are disposed of on the beach, behind a residence where the owners are
fishermen and clean their catch. Located on the main street of Colonia Z3, Avenida
Pernambuco (house number not mentioned at their request), the beach area extends
approximately 4 meters from the residence at low tide. The by-product consists of fish
heads, scales, skin, spines, and tails. Near the back boundary of the house, at a distance of
1 meter, the fish remains are deposited, buried at a depth of 10 cm. The sample, containing
a mixture of medium beach sand and fish remains, was collected with a shovel in a standard
bucket and then quartered for better representation. Subsequently, the sample was stored
in a refrigerator at 4 degrees Celsius in the laboratory. For preparation, a 10g portion of the

sample was weighed into a 200mL beaker using a Marte brand semi-analytical balance
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(Model AD2000 with a maximum capacity of 2000g). The weighed soil portion was then
dissolved and diluted to 100 mL of distilled water, followed by stirring for 2 minutes and
letting it rest for 1 minute. It was filtered through 80g filter paper with an 11 cm diameter
in an analytical funnel into a 250 mL Erlenmeyer flask. Next, a 5 mL aliquot of the
supernatant was extracted using a graduated pipette and this volume was slowly poured
onto a Petri dish previously lined with ordinary filter paper containing commercial lettuce
seeds (smooth lettuce, Feltrin brand, batch: 0013202110000020). After identifying the
petri dishes, they were placed in the refrigerator for 48 hours, protected from light, inside
a closed conventional styrofoam box. On the day of data collection, the length of the roots
of commercial lettuce seeds was measured using a digital caliper (Mitutoyo brand). It is
recommended to use seeds from the same package only once due to the high sensitivity of
the method adopted. Next, readings, calculations, results, and discussions were carried out.
To determine the germination index (GI), the following formula was adopted: GI = Ga/Gc¢

x Aa/Ac x 100, according to Zucconi et al (1988), where:

GI = germination index;

Ga = number of seeds germinated in the sample;
Gc = number of seeds germinated in the control;
Aa = average root length of the sample (mm);

Ac = average root length of the control (mm).
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4 RESULTS AND DISCUSSION

Photos 1 and 2 — Location on the beach where the soil sample was taken (white stripe obscures unauthorized
address - photo 1 and photo 2 - disposal site):

PRCantinho de*Gi
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Photo 3 - The five (5) petri dishes with bioassays after resting for 48h protected from light, samples B1, B2, B3,
B4 and BS.

Source: by the authors.

Photo 4 - Zoom of the germination of sample B3:

Source: by the authors.

According to the table below, samples B1 and B3 showed 100% germination,
meaning that all 10 prepared samples germinated, with average elongation values of 5.47
and 5.42 mm, respectively. Three samples germinated partially: B2, B4, and B5, with
average elongation values of 7.38, 4.03, and 4.01 mm, respectively. In sample B2, 5 petri

dishes germinated, in sample B4, 8 samples germinated, and in B5, 7 samples germinated.
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The control sample (blank), not shown in the table, showed an average elongation of 6.08

mm, with 9 samples germinating.

Table — Elongation of each sample, averages, and germination percentage:
A NG All  Al2 Al3  Al4 AlS Al6  Al7 Al8 Al9 Al10 Méd
Bl 10 6,0 7,9 7,0 9,9 6,9 5,0 6,0 4,0 1,0 1,0 5,47

B2 5 7,0 9,0 8,9 7,1 4,9 - - - - - 7,38
B3 10 5,8 6,0 7,9 6,2 10,0 7,7 5,2 2,9 1,0 1,5 5,42
B4 8 3,1 5,0 8,5 3,1 2,0 2,2 1,8 6,5 - - 4,03
BS 7 6,5 6,2 8,9 3,0 2,0 0,5 1,0 - - - 4,01

Legenda: A: sample, N° G: number of germinations, Al.: elongation (mm), Méd.: average of elongations.

Formula: GI = Ga/Gc x Aa/ Ac x 100 from Zucconi et al (1988), whereupon:

GI = germination index;

Ga = number of seeds germinated in the sample;
Gc = number of seeds germinated in the control;
Aa = average root length of the sample (mm);

Ac = average root length of the control (mm).

Ga=38

Gec=9
Aa=15,262 mm
Ac=6,08 mm
1G =76,92%.

5 FINAL CONSIDERATIONS

Based on the bioassay tests performed, low phytotoxicity was found in the sample,
which did not take into account the characteristics of the site, since there may be dissolution
of soil portions due to the movement of the nearby tide, which may cause washing at certain
times, and which were not the subject of this study. The determination of positive
contamination is therefore noted. This establishes a more sustainable and economical
approach to conducting research. The higher, lower, or non-existent toxicity at other
sampling points should be investigated. Whether or not toxicity is present, it is suggested
that this toxicity be quantified more precisely in order to obtain values to be compared to
parameters of control and inspection standards, which can be carried out in subsequent
work. Regarding expenses, the experiment is very low-cost, both in the acquisition of seeds

and in laboratory supplies for its execution. Furthermore, art. Article 225, "caput," of the
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Federal Constitution (BRAZIL, 2023) is explicit regarding the duty of the Public
Authorities to defend and preserve an ecologically balanced environment. Also, according
to Law 6.938/1981, in its article 4 - The National Environmental Policy will aim at: I - the
compatibility of socio-economic development with the preservation of environmental
quality and ecological balance;

It is concluded, therefore, that low phytotoxicity was detected in the soil sample

from the edge of the lagoon with fish residues at the point considered.
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CHAPTER 8:
INFLUENCE OF PARTIAL REPLACEMENT OF CEMENT BY GLASS
POWDER ON MECHANICAL PROPERTIES OF CONCRETE

Gilberto Cardoso Xavier, Jodo Pedro da Silva Viana, Juliana da Fonseca Teixeira, Ingrid
Telles Moraes, Alessandra Buss Tessaro, Pablo Machado Mendes

ABSTRACT

This study investigated the influence of partially replacing Portland cement with glass powder
of different granulometries and substitution levels on the mechanical properties of concrete.
The glass powder was classified using 0.15 mm and 0.30 mm sieves, and granulometric
analyses revealed a wide particle size distribution, with higher fineness and specific surface
area in the material retained by the finer mesh. Five concrete mixes were produced and
evaluated for axial compressive strength at 7 and 28 days. The results showed that the finer
glass powder (0.15 mm) exhibited superior or equivalent performance compared to the
reference concrete, particularly at the 5% replacement level, indicating potential benefits from
the filler effect and the early onset of pozzolanic activity. In contrast, the coarser material (0.30
mm) led to reductions in strength, confirming its predominantly inert behavior. It is concluded
that moderate replacement levels combined with finer granulometry represent a viable strategy
for incorporating glass waste as a supplementary cementitious material, contributing to more
sustainable practices in civil construction.

Keywords: Glass powder; Sustainable concrete; Mineral admixtures; Mechanical strength;
Circular economy.

1 INTRODUCTION

Portland cement concrete is the most widely consumed building material globally,
being fundamental to the development of modern infrastructure. According to Mehta and
Monteiro (2014), this widespread use is directly related to its technical performance,
although its consumption is associated with a significant environmental impact, mainly due
to the cement manufacturing process. Cement production is one of the main industrial
sources of carbon dioxide (CO-) emissions, contributing approximately 5% to 8% of total
global anthropogenic emissions. It is estimated that for every ton of cement produced,
between 0.8 and 0.9 tons of CO: are released into the atmosphere, a direct byproduct of
limestone decarbonation and the intensive consumption of fossil fuels in clinker kilns
(Agéncia UFC, 2025).

Given the growing climate emergency, the search for more sustainable practices in
civil construction has become imperative. In this context, the use of supplementary
cementitious materials (SCMs) emerges as an effective strategy for the production of

environmentally responsive concrete, according to Neville and Brooks (2013). These
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materials, generally byproducts of industrial or agricultural processes, can partially replace
Portland cement, promoting a double advantage: reduced clinker consumption and
valorization of waste. As highlighted by Taylor (1997), this approach contributes to
reducing the environmental impacts associated with the concrete production chain.

Glass represents a significant environmental challenge due to its non-biodegradable
nature and low recycling rates in Brazil (25.8% in 2024), according to Cuesta et al. (2023).
Grinding it into fine particles can activate pozzolanic reactivity, making it a viable
candidate for cementitious replacement. Recent studies demonstrate that glass powder,
although exhibiting a slower pozzolanic reaction compared to other materials, contributes
to significant strength gains at advanced ages, highlighting its technical potential.

The effectiveness of glass powder is directly linked to its fineness: smaller particles
increase the surface area available for reaction with calcium hydroxide, forming additional
hydrated calcium silicates (C-S-H), according to Berodier and Scrivener (2014). In this
sense, this study systematically investigates the influence of the partial replacement of
Portland cement with glass powder at different proportions and particle sizes on the
mechanical properties of concrete, aiming to contribute to the development of more

sustainable concretes.

2 THEORETICAL FRAMEWORK

Supplementary cementitious materials (SCMs) are finely divided materials that can
be added to concrete as a partial replacement for Portland cement. When properly selected
and dosed, they are able to react with cement hydration products, modifying the
microstructure of the paste and conferring significant improvements to the properties of
the concrete. As highlighted by Mehta and Monteiro (2014), these materials play a relevant
role in improving the mechanical performance and durability of concrete, since they
contribute to the improvement of its microstructure.

The use of mixed concrete mixes (SCMs) has intensified in recent decades, driven
by environmental, economic, and technical factors. The main mechanisms of action of
mineral admixtures include the physical effect (filler and nucleation), the dilution effect,
and the chemical effect (pozzolanic reaction). The filler effect refers to the physical role
played by fine particles in filling voids between cement grains and aggregates, resulting in
denser packing and reduced capillary porosity. According to Neville and Brooks (2013),
this physical behavior is fundamental for improving the workability and mechanical

performance of concretes containing admixtures.
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Soda-lime glass, the most common type of glass produced, is composed
predominantly of silica (SiOz, approximately 70—75%), sodium oxide (Na:0, 12—16%),
and calcium oxide (CaO, 7-12%). The amorphous structure of the glass, combined with its
high silica content, gives it the potential for pozzolanic reaction when finely ground.
According to Sathiparan (2024), this composition and structure make glass powder a
material capable of acting efficiently as a reactive mineral addition in cementitious
matrices.

The pozzolanic activity of glass powder is directly related to its fineness. Smaller
particles increase the specific surface area available for reaction with calcium hydroxide
(CH) released during cement hydration. The pozzolanic reaction consists of the interaction
between the amorphous silica present in the glass powder and CH, forming additional
hydrated calcium silicates (C-S-H) that fill capillary pores, refining the microstructure. As
highlighted by Zeybek et al. (2022), studies demonstrate that glass powder with a particle
size smaller than 75 um exhibits superior performance, resulting in compressive strength
increases of up to 30% compared to the reference concrete, depending on the replacement
content and curing age. These results reinforce the importance of fineness as a determinant
of reactivity and performance gain.

The particle size distribution of glass powder is therefore a critical factor for its
efficiency as a supplementary cementitious material. Scientific literature establishes that
particles with a diameter smaller than 75 pm exhibit significant pozzolanic reactivity, while
larger particles behave predominantly as an inert addition (filler effect). The specific
surface area increases exponentially with the reduction in particle diameter; thus, for the
same mass of material, smaller particles present a greater total surface area available for
chemical reaction. According to Chen et al. (2025), this behavior explains why reducing
the particle size enhances the material's performance when incorporated into cementitious
mixtures.

Extremely fine particles (below 10 pm) can exhibit pozzolanic reactivity
comparable to that of silica fume, one of the most reactive mineral admixtures available.
However, very fine particles also increase the water demand of mixtures due to their larger
surface area, requiring the use of superplasticizing admixtures to maintain workability,
according to Muhedin and Shibeshi (2023). This balance between reactivity and
rheological requirements shows that particle size optimization is essential to ensure

performance without compromising properties in the fresh state.
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The interfacial transition zone (ITZ) is a region approximately 50 um thick located
at the interface between aggregates and cement paste. This region exhibits a microstructure
distinct from the paste in volume, characterized by higher porosity, a higher concentration
of portlandite, and a lower density of C-S-H. The ITZ constitutes the weakest link in
concrete, being the preferred location for the initiation and propagation of microcracks
under loading. According to Mehta and Monteiro (2014), understanding this region is
fundamental to understanding the mechanical behavior and durability of cementitious
structures.

High-fineness mineral additions, such as glass powder with appropriate particle size
distribution, can significantly improve the ITZ (Incremental Temperature Zone). Fine
particles fill the voids near the aggregates, reducing local porosity. Furthermore, the
pozzolanic reaction consumes the portlandite concentrated in the ITZ, replacing it with
denser, stronger C-S-H (cement-sulfur-hydrogen), as highlighted by Knight et al. (2023).
These combined effects contribute to the formation of a denser, more cohesive, and

stronger I'TZ, resulting in concrete with better overall performance.

3 METHODOLOGY

The cement used was CP V — HES (High Early Strength), according to the
requirements of NBR 16697 (ABNT, 2018). The glass powder used was obtained from
post-consumer colorless soda-lime glass, subsequently ground in a ball mill and sieved into
two distinct particle sizes: 0.15 mm mesh and 0.30 mm mesh. The fine aggregates,
consisting of natural quartz sand, and coarse aggregates, composed of basaltic crushed
stone, were characterized according to the procedures of NBR NM 248 (ABNT, 2003). To
ensure the workability of the mixtures, a superplasticizer additive based on
polycarboxylates was used.

Five concrete mixes were produced: a reference mix, composed of 100% cement,
and four mixes containing partial replacement of cement with glass powder in the following
combinations:

PV 5% — 0.15 mm mesh;

PV 10% — 0.15 mm mesh;

PV 5% — 0.30 mm mesh;

PV 10% — 0.30 mm mesh.

The water/binder ratio was kept constant at 0.50 for all mixes, while the mortar

content was fixed at 53%, ensuring comparability between the mixtures. The slump test of
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the fresh concrete was monitored according to NBR 16889 (ABNT, 2020), remaining
between 90 and 110 mm by adjusting the superplasticizer dosage.

The cylindrical specimens, with dimensions of 100 mm x 200 mm, were molded
according to the procedures of NBR 5738 (ABNT, 2015). After molding, they remained in
moist curing for 14 days in a climate-controlled chamber at 23 + 2°C and a minimum
relative humidity of 90%. Then, the specimens were transferred to air curing until they
completed 28 days.

Axial compressive strength was determined according to NBR 5739 (ABNT, 2018),
at 7 and 28 days, using a hydraulic press with a capacity of 300 kN and a loading rate of
0.45 £ 0.15 MPa/s. For each age and each mix design, three specimens were tested, and the
result was expressed as the arithmetic mean, discarding outliers according to the normative

criterion.

4 RESULTS AND DISCUSSION

The physicochemical characterization performed by nitrogen (N2) adsorption shows
relevant differences between the glass powder samples with distinct particle sizes. BET
analysis revealed that the PV 150 um sample had a specific surface area of 0.1394 m?/g,
while the PV 300 um sample had a slightly higher surface area of 0.1561 m?/g. Although
both values are low—expected behavior for vitreous materials—it is noted that the finer
sample (150 pm) did not generate a larger surface area, indicating possible particle
agglomeration or low microtexture generation after grinding.

The Langmuir model showed a similar trend, with sample PV 150 registering
0.2204 m?/g and sample PV 300 0.2431 m?/g, reinforcing that the granulometric difference
did not result in a significant increase in active surface area. The proximity between the
values obtained by BET and Langmuir suggests that the surface is predominantly non-
porous, a typical characteristic of amorphous vitreous materials.

The total pore volume was also very low for both samples. Sample PV 150 had a
volume of 0.000392 cm?/g, while sample PV 300 had 0.000375 cm?/g, indicating a
practically solid structure, without a significant presence of micropores or mesopores. As
a result, the average pore width (calculated by 4V/A BET) remained high, being 112.5 A
for sample PV 150 and 96.1 A for sample PV 300, values consistent with a low-porosity
structure.

The evaluation of adsorption isotherms showed type IIB curves, typical of non-

porous or macroporous solids, with low adsorption across the entire range of relative
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pressures. The maximum amounts adsorbed were 0.2534 cm?/g for sample PV 150 and
0.2425 cm?/g for sample PV 300, reinforcing the low surface area of the material.

In general, the results show that there are no significant differences between the two
particle sizes analyzed, either in specific surface area, pore volume, or adsorption behavior.
Both samples have a poorly developed surface, low porosity, and an essentially non-porous
character, indicating that the milling used did not produce highly reactive particles from
the point of view of specific area. This means that pozzolanicity will not depend on pore
development, but rather mainly on the vitreous composition and the presence of amorphous
silica, in addition to factors such as alkalinity of the medium and actual fineness of the
particles.

The particle size analysis of the glass powder revealed clear differences between the
two groups evaluated, corresponding to the 0.30 mm sieves (GLASS POWDER 03 Group)
and 0.15 mm sieves (GLASS POWDER 015 Group). In both cases, a wide distribution of
particle sizes was observed, but with distinct behaviors in terms of fineness and
homogeneity, directly reflecting the level of grinding and the fractionation adopted.

In the GLASS POWDER 03 group, corresponding to the powder retained or
classified around the 0.30 mm mesh, the three tests showed very similar characteristics.
The D50 values remained between 501.3 pum, 517.7 pm and 536.4 pum, indicating a
predominance of coarse particles, with half of the sample having dimensions greater than
0.5 mm. The amplitude of the distribution was also high, as demonstrated by the D90
values, which ranged from 850.4 pm to 901.4 um, evidencing a significant presence of
large particles. The coefficients of variation between 47% and 51% confirm high particle
size dispersion, although with greater uniformity when compared to the finer particle size
samples. Furthermore, the specific surface areas determined showed reduced values,
between 341.6 and 374.5 cm?/ml, consistent with predominantly coarse particles and low
surface reactivity.

The GLASS POWDER 015 group, referring to the material sieved through a 0.15
mm mesh, showed distinct behavior, marked by significantly smaller particles. The D50
values were practically constant between the two samples (180.8 pum and 180.4 pm),
indicating reasonable repeatability of the grinding process. The presence of very fine
particles was also noted, with D10 around 21 um, representing a significant fraction of the
sample with micrometric dimensions. In contrast, the D90 values, close to 366—367 um,
show that there is still a considerable portion of relatively large particles, reinforcing the

idea of a material with a wide particle size distribution. The coefficients of variation,

128



however, were even higher — 71.10% and 72.71% — evidencing a very intense particle
size dispersion, typical of mechanically ground materials without a rigorous fine
classification step. The estimated specific surface area, close to 1607 cm?/ml in both
samples, was substantially higher than that observed in the GLASS POWDER 03 group,
reinforcing that the 0.15 mm mesh material has greater fineness and, potentially, greater
reactivity.

The comparison between the two groups shows that the laser granulometry process
can, in fact, separate classes of particles with distinct granulometric behaviors. The GLASS
POWDER 03 group is composed mainly of coarse particles, with low specific area and
lower pozzolanic reaction potential. In contrast, the GLASS POWDER 015 group has finer
particles, a larger surface area, and a higher proportion of micrometric fractions, indicating
greater suitability to act as a supplementary cementitious material. Despite this, both
groups have a wide distribution and high coefficients of variation, suggesting that the
grinding process still generates significant dimensional heterogeneity.

In general, the results show that glass powder sieved through smaller meshes has a
finer granulometry and a larger specific area, characteristics that favor reactivity. On the
other hand, the material classified on the 0.30 mm mesh remains essentially coarse and
poorly activated, playing a role closer to a filler than a pozzolanic addition. Thus, the
particle size distribution of glass powder proves to be a determining factor for its potential
efficiency when used as a partial replacement for Portland cement.

The axial compressive strength results obtained at 7 and 28 days for all mixes are
presented in Figure 1. In general, it is observed that the partial replacement of cement with
glass powder influenced the mechanical behavior of the concrete in a distinct way,
depending on both the replacement content and the particle size used.

At 7 days, the concretes produced with 0.15 mm mesh glass powder exhibited
superior performance to the reference mix. The mix with 5% replacement reached 39.92
MPa, while the mix with 10% reached 42.94 MPa, exceeding the mixture without
replacement (37.52 MPa). This behavior suggests that, even at early ages, the finer particle
size contributed to a denser microstructure, possibly due to the filler effect and an initial,

albeit moderate, pozzolanic activity.
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Figure 1 - Axial compressive strength obtained at 7 and 28 days
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In contrast, the mixes produced with 0.30 mm mesh glass powder showed
reductions in strength at 7 days. The 5% substitution resulted in 33.74 MPa, while the 10%
substitution reached 36.98 MPa, both below the value obtained for the reference mix. This
behavior is associated with the larger particle size, which acts predominantly as an inert
addition, delaying the formation of hydrated products and reducing the packing of the
cementitious matrix.

At 28 days, however, the behavior between the mixes showed a tendency to
stabilize. The reference concrete reached 47.99 MPa, a value very close to that obtained by
the mixes with glass powder substitution. The mix with 5% - 0.15 mm showed 47.92 MPa,
practically the same as the reference, indicating that the presence of fine particles did not
compromise the development of strength. The mixture with 10% - 0.15 mm, although it
showed the greatest initial gain, reached 43.95 MPa, registering a slight reduction at 28
days, possibly associated with excess unreacted material, which tends to limit the
continuity of hydration.

In the 0.30 mm mixes, both contents maintained similar performance at 28 days
(44.23 MPa and 43.84 MPa, respectively), demonstrating that, despite the drop observed
at 7 days, part of the initial deficit was recovered with age. Still, the values remain slightly
lower than the reference mix, reinforcing the reactive limitation of the coarser particles.

In general, the results indicate that the finer glass powder (0.15 mm) exhibits more
favorable behavior, either due to better particle packing or higher reactive potential, while

the coarser particle size material (0.30 mm) acts essentially as a filler, without significantly

130



contributing to the formation of additional C-S-H. These findings reinforce the strong
dependence between particle size and efficiency of glass powder as a supplementary

cementitious material.

5 FINAL CONSIDERATIONS

The results obtained in this study demonstrate that the partial replacement of
Portland cement with glass powder has potential for application as a supplementary
cementitious material, provided that the determining influence of particle size on the
mechanical properties of concrete is observed. Particle size analyses showed high
dimensional heterogeneity in the ground particles, a typical characteristic of mechanical
fragmentation processes, but revealed clear distinctions between the materials sieved
through 0.15 mm and 0.30 mm meshes. While the powder classified at 0.30 mm remained
essentially a low-fineness material, with particles larger than 500 um predominating, the
powder sieved at 0.15 mm showed a larger surface area and a significant presence of
micrometric fractions, indicating more favorable conditions for pozzolanic reactions.

This particle size difference was directly reflected in the mechanical performance
of the concretes. Mixes with finer glass powder (0.15 mm) showed increased strength at 7
days and performance equivalent to the reference concrete at 28 days, especially at a 5%
replacement level, demonstrating good compatibility with the cementitious system. On the
other hand, mixes produced with coarser glass powder (0.30 mm) showed reduced initial
strength and lower values at 28 days, a behavior expected for materials that act
predominantly as filler and do not have sufficient fineness to develop significant
pozzolanic activity during the analyzed period.

The results indicate that moderate substitutions, especially on the order of 5% with
finer-grained glass powder, can be incorporated into concrete without compromising
mechanical properties and with potential benefits to the sustainability of civil construction.
The fineness of the glass powder proved to be the key factor for its performance, being an
indispensable condition for the material to effectively participate in hydration reactions and
contribute to the refinement of the microstructure of the cementitious matrix.

Thus, it is concluded that glass powder has potential for use as a supplementary
cementitious material, provided it is properly processed and classified. Additional studies
involving older ages, direct evaluation of pozzolanicity, and microstructural analysis could
complement and deepen the understanding of the mechanisms involved, contributing to the

advancement of the sustainable use of glass waste in civil construction.
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CHAPTER 9:
BIOCHAR FROM GRAPE POMACE: PATHWAYS TO CIRCULAR
ECONOMY AND SUSTAINABLE BIOENERGY

Rubinei de Servi Ferraz, Ricardo Lemos Sainz, Giani Mariza Britzius Barwald

ABSTRACT

This study examines the valorization of agro-industrial waste, focusing on grape pomace, a
byproduct of wine production in Rio Grande do Sul, Brazil. Improper disposal of this material,
which can represent up to 40% of the processed fruit mass, generates environmental impacts
and additional costs for wineries. The research proposes slow pyrolysis as a sustainable
alternative to transform pomace into biochar (BC), a carbon-rich material with environmental
and energy applications. The process was carried out in a fixed-bed reactor at different
temperatures (400°C, 450°C, and 500°C) after drying the material. Chemical and
thermogravimetric analyses revealed the gradual decomposition of hemicellulose, cellulose,
and lignin, highlighting the importance of lignin in producing stable, high-quality biochar.
Results showed that the condition of 400°C and lower biomass mass (50 g) provided the highest
biochar yield (89%). It is concluded that slow pyrolysis is a viable alternative for grape pomace
utilization, aligned with circular economy principles and sustainability.

Keywords: Grape pomace; Pyrolysis; Biochar; Biomass; Sustainability.

1 INTRODUCTION

Climate change and its environmental impacts have demanded global efforts to
reduce greenhouse gas emissions and promote sustainable energy alternatives. In this
context, plant biomass emerges as a strategic resource, as plants, through photosynthesis,
convert carbon dioxide into organic compounds that can be used for clean energy
generation, thereby reducing dependence on fossil fuels and mitigating the effects of global
warming (Ferraz, 2025, p. 13).

Brazil, as a major agro-industrial producer, faces significant challenges in managing
solid waste generated from the processing of agricultural raw materials. These residues,
often discarded without technical guidance, may cause soil and water pollution and
represent additional costs for industries. In the wine sector, particularly in the state of Rio
Grande do Sul, grape pomace is the main by-product of wine production, accounting for
up to 40% of the weight of processed grapes (Licandro & Odio, 2021). The inadequate
disposal of this material generates serious environmental and economic problems,
exacerbated by the absence of specific national regulations for its valorization (Ferraz,

2025, p. 14).
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Grape pomace—composed of skins, seeds, stems, and residual pulp—is produced
in large quantities on a seasonal basis. Its accumulation and improper disposal pose
environmental risks and increase management costs for wineries. Currently, part of this
residue is directed to composting or simply abandoned in open areas, without technological
utilization, which limits its valorization potential and reinforces the perception that it is
merely an environmental liability (Ferraz, 2025, pp. 14-15).

In this context, slow pyrolysis emerges as a promising technological alternative for
converting residual biomass into value-added products such as biochar, bio-oil, and
non-condensable gases. Biochar, in particular, exhibits high thermal stability, porosity, and
physicochemical properties that make it suitable for environmental and energy
applications, including soil conditioning, pollutant adsorption, and energy generation
(Belini, 2020; Costa, 2021).

The main objective of this study is to evaluate the feasibility of slow pyrolysis as a
valorization technique for grape pomace, aiming at the production and physicochemical
characterization of biochar. The specific objectives include the preliminary assessment of
the physicochemical characteristics of grape pomace, the investigation of thermal
conversion under different temperature and mass conditions, the characterization of the
resulting biochar in terms of yield and properties, and the comparison of the obtained
results with literature data to identify potential applications in sustainable practices.

The choice of slow pyrolysis as a technological route is justified by its ability to
transform agro-industrial residues into value-added products, contributing to
environmental impact mitigation, diversification of the energy matrix, and promotion of
the circular economy. Furthermore, the valorization of grape pomace through pyrolysis
aligns with the United Nations 2030 Agenda for Sustainable Development, particularly
SDGs 7 (Affordable and Clean Energy), 12 (Responsible Consumption and Production),
13 (Climate Action), and 15 (Life on Land) (UN, 2020).

Thus, this chapter aims to demonstrate that the slow pyrolysis of grape pomace is a
viable and sustainable alternative capable of transforming an environmental liability into a
strategic input for agricultural and energy practices, strengthening the integration between

science, innovation, and sustainability.

2 LITERATURE REWIEW
Plant biomass, as a renewable resource, is composed of different structural

macromolecules and low-stability organic compounds that determine its behavior in energy
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conversion processes. The main constituents of the plant cell wall are cellulose,
hemicellulose, and lignin, in addition to cellular extractives such as sugars, proteins, and
lipids. Cellulose, due to its linear and highly crystalline structure, provides mechanical
strength to plants and exhibits low solubility in water, hindering microbial degradation.
Hemicellulose, in contrast, is amorphous and heteropolysaccharidic, composed of pentoses
and hexoses, and is more susceptible to thermal and chemical degradation. Lignin, an
aromatic macromolecule, acts as a cementing matrix for cellulose and hemicellulose fibers,
providing rigidity and protection against chemical and biological agents, and is responsible
for the formation of more stable biochar during pyrolysis (Ferraz, 2025, pp. 16—17; Santos
& Peres, 2012).

In the context of viticulture, grape pomace is the main solid residue generated,
composed of skins, seeds, stems, and residual pulp. Its composition varies according to
grape variety, vinification method, and edaphoclimatic conditions. White wine production
results in pomace with higher residual pulp and sugar content, whereas red wine pomace
exhibits lower mass due to alcoholic fermentation, which consumes part of the available
sugars (Ferraz, 2025, pp. 19-20). Studies indicate that dried pomace may contain 38—-52%
seeds and 8—20% skins and stems, in addition to fibers and high-value phenolic compounds
(Beres et al., 2017). These bioactive compounds—such as anthocyanins, tannins, and
resveratrol—are relevant to the food, pharmaceutical, and cosmetic industries but are often
wasted due to inadequate residue management (Christ & Burrit, 2013; Brenes et al., 2016).

The valorization of grape pomace can follow different technological routes. Integral
utilization allows its use in composting, animal feed, or biochar production via pyrolysis.
Seeds may be used for extracting oil rich in unsaturated fatty acids and antioxidants or for
producing functional flour. Skins contain pigments and phenolic compounds that can be
extracted for use as natural colorants or antioxidants in foods and supplements (Ferraz,
2025, p. 21). These routes demonstrate that grape pomace should not be treated merely as
waste but as a raw material for value-added products.

Pyrolysis, a thermal process conducted in the absence of oxygen, converts biomass
into three main products: biochar, bio-oil, and non-condensable gases. Slow pyrolysis,
characterized by low heating rates and long residence times, favors the formation of the
solid fraction (biochar). Lower temperatures, around 400 °C, tend to maximize biochar
yield, whereas higher temperatures (500 °C or above) increase the production of bio-oil
and gases due to greater degradation of volatile compounds (Bridgwater, 2012; Ferraz,

2025, pp. 22-24).
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Thermogravimetric analysis (TGA) is frequently used to understand the gradual
decomposition of biomass components, showing that hemicellulose, cellulose, and lignin
degrade at distinct temperature ranges, which directly influences the quality and stability
of the resulting biochar (Ferraz, 2025, Fig. 13, p. 42).

The resulting biochar exhibits physicochemical properties suitable for various
applications. Its high porosity and thermal stability enable its use as a soil conditioner,
adsorbent of organic and inorganic pollutants, and energy input. Recent studies highlight
the potential of grape-pomace biochar for heavy-metal adsorption, soil fertility
improvement, and mitigation of greenhouse gas emissions (Martins et al., 2020; Santos,
2022). Additionally, research indicates that biochar can serve as a precursor for activated
carbon, increasing its industrial value (Belini, 2020).

From an environmental and economic perspective, the pyrolysis of grape pomace
contributes to the circular economy by transforming a problematic residue into a strategic
resource. This practice aligns with the United Nations Sustainable Development Goals,
particularly SDGs 7, 12, 13, and 15 (UN, 2020). The adoption of agro-industrial residue
valorization technologies, such as pyrolysis, strengthens the integration of science,
innovation, and sustainability, offering solutions for environmental impact mitigation and

diversification of the Brazilian energy matrix.

3 METHODOLOGY

This study was conducted using grape pomace obtained from wineries in the state
of Rio Grande do Sul, Brazil, characterized as an agro-industrial residue of high availability
and environmental relevance. The selection of this raw material is justified by its
representativeness in the wine sector and its potential for valorization through
thermochemical processes. Initially, the material was subjected to oven drying at 105 °C
to reduce its moisture content, which was initially high (43.82%), as indicated by
preliminary analyses (Ferraz, 2025). This step was essential to ensure greater efficiency in
the pyrolysis process, as excessive moisture compromises thermal stability and the
formation of solid products.

The proximate chemical characterization of the dried grape pomace (DGP) was
performed by determining volatile matter, ash content, and fixed carbon. The average
results obtained were 69.69% volatiles, 20.75% ash, and 9.56% fixed carbon, values that

directly influence the efficiency of thermal conversion and the quality of the produced
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biochar (Ferraz, 2025). These parameters were used as references for the experimental

design and for comparison with literature data and are presented in Table 1 below.

Table 1 — Proximate Composition of Grape Pomace

Analise Amostras BUS (%) Media
Amostral | Amostra2 | Amostra 3
Umidade 43.44 43,77 44,24 43,82 £0,33
Volateis 69.37 09.20 70,49 69.69 =0.32
Cinzas 2231 18,51 21,43 20,75 £ 2,64
Carbono fixo 8.32 12,29 8.08 9.56+3.73

The pyrolysis process was conducted in a fixed-bed reactor designed to operate
under controlled temperature and residence-time conditions. The experiments were
performed at three temperature ranges—400 °C, 450 °C, and 500 °C—using different
biomass masses (50 g, 100 g, and 150 g), allowing the assessment of the influence of these
variables on product yields.

To analyze the thermal decomposition of the main biomass components,
thermogravimetric analysis (TGA) was performed, enabling the identification of the
degradation ranges of hemicellulose, cellulose, and lignin. The resulting TGA curve
revealed mass losses across distinct temperature intervals, confirming the contribution of
lignin to the formation of more thermally stable biochar at temperatures above 400 °C
(Ferraz, 2025).

The characterization of the produced biochar included physicochemical analyses
such as porosity determination, thermal stability, and elemental composition, in addition
to comparisons with literature data (Ferraz, 2025, Table 5, p. 45). These analyses were
essential to validate the quality of the obtained product and to identify its potential
applications in sectors such as agriculture, environmental remediation, and energy
generation.

In summary, the adopted methodology integrated biomass preparation, preliminary
analyses, fixed-bed reactor pyrolysis, experimental design, and product characterization.
This systematic approach enabled not only the evaluation of the technical feasibility of

slow pyrolysis of grape pomace but also provided a solid foundation for future industrial
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and environmental applications aligned with circular-economy and sustainability

principles.

4 RESULTS AND DISCUSSION

The results obtained from the slow pyrolysis of grape pomace demonstrate the direct
influence of temperature and biomass mass on product yields. The proximate analysis of
dried grape pomace (DGP) revealed average values of 69.69% volatile matter, 20.75% ash,
and 9.56% fixed carbon, which are consistent with literature data and confirm the high
presence of thermally degradable organic compounds (Ferraz, 2025). These parameters are
critical for process efficiency, as the volatile fraction is directly associated with bio-oil and
gas formation, while fixed carbon contributes to biochar stability.

Thermogravimetric analysis (TGA) provided insights into the gradual
decomposition of the main biomass components. Hemicellulose degradation occurred
between 200 °C and 300 °C, cellulose between 300 °C and 400 °C, and lignin above
400 °C, exhibiting slower and continuous decomposition. This characteristic of lignin
explains the greater stability of biochar produced at lower temperatures, as its partial
degradation favors carbon retention in the solid matrix (Ferraz, 2025, Figure 13, p. 42).

The pyrolysis experiments showed that the condition of 400 °C with 50 g of biomass
yielded the highest biochar production, reaching 89%. Conversely, higher temperatures,
such as 500 °C, favored the formation of bio-oil and non-condensable gases, reducing the
solid fraction yield to approximately 70% (Ferraz, 2025). This behavior confirms that slow
pyrolysis under moderate temperatures is more suitable for producing high-quality biochar,
whereas higher temperatures may be explored to maximize bio-oil production.

Comparison with literature data reinforces the consistency of the results. Studies
indicate that hemicellulose degradation contributes to the initial formation of bio-oil, while
cellulose decomposition at intermediate temperatures increases gas release and reduces
biochar yield. Lignin, due to its complex aromatic structure, is responsible for generating
more stable biochar even at elevated temperatures (Martins et al., 2020; Oliveira et al.,
2021). This comparative analysis demonstrates that the results obtained are in agreement
with specialized literature (Ferraz, 2025).

From a physicochemical perspective, the produced biochar exhibited high porosity
and thermal stability, characteristics that broaden its application potential.
Environmentally, its capacity to adsorb organic and inorganic pollutants—such as heavy

metals—stands out, as well as its use as a soil conditioner for degraded areas. In energy
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applications, biochar can be incorporated into the energy matrix as a renewable input,
partially replacing mineral coal and contributing to the reduction of greenhouse gas
emissions (Santos, 2022).

The results also highlight the relevance of slow pyrolysis as a circular-economy
strategy. By converting a problematic agro-industrial residue into a value-added resource,
the process contributes to the sustainability of the wine sector and to environmental impact
mitigation. This approach aligns with the United Nations Sustainable Development Goals,
particularly those related to clean energy, responsible consumption and production, and
climate action (UN, 2020).

In summary, the discussion confirms that slow pyrolysis of grape pomace is a viable
and sustainable alternative capable of generating high-quality biochar and expanding the
possibilities for agro-industrial residue utilization. Temperature and biomass mass are
critical factors for process optimization, and the results demonstrate that moderate
conditions favor the production of stable biochar with physicochemical properties suitable

for environmental and energy applications.

5 CONCLUSION

Slow pyrolysis of grape pomace proved to be a viable and sustainable technological
alternative for the valorization of agro-industrial residues, transforming an environmental
liability into a strategic resource. The results showed that the condition of 400 °C with the
lowest biomass mass (50 g) yielded the highest biochar production, reaching 89%, while
higher temperatures favored the formation of bio-oil and non-condensable gases. This
finding reinforces the importance of selecting appropriate operational conditions to
optimize the process, enabling the production to be directed toward either maximizing the
solid fraction or diversifying energy products.

From a physicochemical standpoint, the produced biochar exhibited high porosity
and thermal stability, characteristics that expand its applicability across different sectors.
Environmentally, its potential for pollutant adsorption and soil conditioning contributes to
the recovery of impacted areas and to the mitigation of greenhouse gas emissions. In energy
applications, biochar can be incorporated into the energy matrix as a renewable input,
reducing dependence on mineral coal and supporting the transition to cleaner energy
sources.

The research also highlights the relevance of pyrolysis as a circular-economy

strategy, converting agro-industrial residues into value-added products. This practice
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aligns with the United Nations Sustainable Development Goals, particularly those related
to clean energy, sustainable production, and climate action. Additionally, it enhances the
competitiveness of the wine sector by offering solutions for waste management and adding
value to a subproduct often treated as a problem.

Among the study’s limitations, the laboratory scale of the experiments stands out,
as it does not yet allow a full assessment of the challenges associated with industrial-scale
implementation. Issues such as collection logistics, transportation costs, and large-scale
economic feasibility require further investigation. Another relevant point is the need for
more detailed characterization of the chemical properties of biochar, including surface
analyses and spectroscopy, to expand understanding of its specific applications.

Future research should include pilot- and industrial-scale studies focusing on
integrating pyrolysis into grape-pomace waste-management systems. Investigating the
potential of biochar as a precursor for activated carbon—thus increasing its industrial
value—is also recommended, as well as exploring its application in environmental
remediation systems and regenerative agriculture.

In summary, this work demonstrates that slow pyrolysis of grape pomace is a
promising alternative for agro-industrial residue valorization, integrating science,
innovation, and sustainability. By transforming a problematic residue into a strategic input,
the process contributes to environmental impact mitigation, energy-matrix diversification,
and the strengthening of the circular economy, establishing itself as a relevant solution for

the wine sector and society.
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CHAPTER 10:
COMPETITIVENESS AND DIFFERENTIATION STRATEGIES IN THE
GLOBAL OLIVE OIL MARKET: QUALITY, INNOVATION AND
TERRITORIAL IDENTITY

Leonardo Betemps Kontz, Edi Ramson Bergmann

ABSTRACT

This study analyzes differentiation strategies and sources of competitive advantage in the global
olive oil value chain, emphasizing the role of quality, technological innovation, and territorial
identity. Traditionally dominated by Mediterranean countries, the olive oil market has
undergone significant transformations with the emergence of new producers such as Brazil,
which adopt value-based competitive models focused on premium market positioning. The
research follows a qualitative, exploratory, and analytical approach, based on a systematized
literature review and a comparative analysis of producing regions. The theoretical framework
integrates competitive strategies, the Resource-Based View, dynamic capabilities, and
territorial approaches. The results indicate that Brazil, particularly Rio Grande do Sul,
demonstrates strong competitive potential supported by high levels of bioactive compounds,
low acidity, superior sensory quality, and advanced production processes. It is concluded that
contemporary competitiveness in the olive oil sector is increasingly driven by differentiation,
innovation, and territorial embeddedness, positioning Brazil as an emerging player in high
value-added markets.

Keywords: Olive oil; Competitive strategies; Differentiation; Competitive advantage.

1 INTRODUCTION

Olive oil has become one of the most symbolic products of contemporary
gastronomy, associated with the Mediterranean diet as well as with healthy lifestyles,
premium consumption, and differentiated gastronomic experiences. Over the last decades,
the global olive oil market has undergone profound transformations involving the
geographical expansion of production, the sophistication of quality standards, the
emergence of new producing countries, and the reconfiguration of competitive strategies
at the international scale (Anania & Pupo D’Andrea, 2008; 10C, 2019, 2023).

Traditionally, market leadership has been exercised by Mediterranean countries
such as Spain, Italy, Greece, and Portugal, whose competitive advantage has been anchored
in historical, institutional, and territorial factors, including climate, traditional cultivars,
accumulated know-how, and consolidated systems of origin certification (Grigg, 2001;
Vilar & Pereira, 2018).

However, the rise of producers from the so-called “New World of olive oil,” such

as Chile, Argentina, Uruguay, Australia, and more recently Brazil, has introduced new
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competitive dynamics based on technological innovation, high quality standards, and
strong origin-based positioning (Zago et al., 2021).

The combination of temperate climate, favorable thermal amplitudes, and
investments in research and development has enabled Brazilian olive oils—particularly
those produced in Rio Grande do Sul—to achieve sensory and physicochemical standards
comparable to the best Mediterranean oils, receiving international awards and growing
recognition (Embrapa, 2017; Zago et al., 2021).

In this context, the discussion on which competitive strategies and differentiation
advantages sustain olive oil competitiveness in global markets becomes increasingly
relevant, especially regarding how emerging countries such as Brazil can build solid
positions in highly demanding markets. Classical competitiveness frameworks, such as
those proposed by Porter (1980, 1985, 1998), and contemporary perspectives, including
the Resource-Based View (Barney, 1991) and Dynamic Capabilities (Teece, Pisano &
Shuen, 1997), offer a robust analytical foundation for interpreting these transformations.

The aim of this article is to analyze differentiation strategies and sources of
competitive advantage in the global olive oil value chain, with particular attention to the
role of quality, technological innovation, and territorial identity. As a reference case, the
article examines the Brazilian olive-growing sector, especially in Rio Grande do Sul, as an
example of an emerging trajectory that combines terroir, innovation, and sustainability to

compete in premium markets.

2 COMPETITIVENESS AND DIFFERENTIATION
2.1 COMPETITIVENESS, COMPETITIVE ADVANTAGE AND AGRI-FOOD CHAINS

Competitiveness can be understood as the ability of a production system, firm,
chain, or territory to sustain advantages that ensure its permanence and expansion in
complex and constantly changing markets (Porter, 1985; Miiller, 1994; Pagano, 2001). In
this sense, competitiveness is not merely about competing in the short term, but about
building relatively stable positions in contexts marked by globalization, fluctuating
demand, technological innovations, and socio-environmental pressures.

From Porter’s (1980, 1985) perspective, competitive advantage results from the way
an organization performs its activities and positions itself in the market, whether through
cost leadership, differentiation, or focus on specific niches. Sector structure analysis, based
on the five competitive forces—rivalry among competitors, bargaining power of suppliers

and buyers, threat of new entrants, and threat of substitute products—offers a framework
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for understanding external pressures that shape strategic choices. D’Aveni (1994) and
O’Shaughnessy (1995) emphasize the fluid and unstable nature of advantages in
environments characterized by hypercompetition and temporary strategic positions.

In agri-food chains, competitiveness involves not only productive efficiency but
also coordination among chain actors, quality attributes, sanitary standards, certifications,
and the construction of collective reputation (Batalha & Silva, 1999, 2007). The literature
indicates that competitive agri-industrial systems are those capable of aligning incentives,
reducing transaction costs, and articulating joint strategies among producers, processors,
distributors, and retailers (Zylbersztajn, 1995; Batalha & Silva, 2007).

In the Brazilian context, applied research in agri-industrial chains helps illustrate
this logic. Kontz (2021), when analyzing competitive strategies in the beef industry of Rio
Grande do Sul, demonstrates that sectoral competitiveness depends on the articulation
between productive structures, consumption trends, and the ability to differentiate in high
value-added niches. In a later study, Kontz and Antunes (2025) show that operating in
specific niches-such as premium, certified, or sustainability-oriented meats, constitutes a
relevant path to escape competition based solely on price, reinforcing the importance of
differentiation in commodity-intensive food chains.

Kontz et al. (2014a, 2014b) and Hoffman et al. (2021) reinforce the idea that
competitiveness, across different organizational contexts, is increasingly associated with
the ability to generate perceived value for specific stakeholders. These contributions
indicate that the logic of competitive advantage transcends the strictly productive domain
and includes symbolic, relational, and institutional dimensions, highly relevant for agri-
food chains such as olive oil.

In the olive oil sector, contemporary competitiveness is gradually shifting from a
logic centered exclusively on volume and cost to one in which sensory quality, authenticity,
and territorial origin become central elements of the value proposition (Vossen, 2013). The
emergence of more informed consumers, concerned with health, sustainability, and food
origin, leads extra virgin olive oil, particularly in premium segments, to be evaluated not
only as an edible oil but as an identity product linked to territories, traditions, and narratives
of quality. Table 1 summarizes the theoretical frameworks of competitiveness applied to

olive oil.
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Table 1 — Summary of theoretical frameworks of competitiveness ap

lied to olive oil

Theoretical
perspective

Key authors

Main focus

Application to olive
oil

Generic strategies

Porter (1980, 1985,

Cost, differentiation,

Differentiation through

1998); D’Aveni (1994) focus;
hypercompetition

quality, terroir,
premium branding;
operation in specialized
niches
Rare and inimitable Terroir, cultivars,
resources; strategic reputation, know-how,
assets reputational and socio-
environmental assets
Teece, Pisano & Shuen | Learning, innovation, Adjusting to premium
(1997); Teece (2007, reconfiguration trends, climate change,
2018) and technological
advances
PDOs, PGlIs, origin-
based marketing, olive-
oil tourism, regional
brand building

Resource-Based View | Barney (1991, 2020);
(RBV) Kontz (2021)

Dynamic capabilities

Territory and identity Ray (1998); Ilbery &
Kneafsey (2000);

Belletti et al. (2017)

Symbolic value, GIs,
territorial branding

Innovation, Pascucci et al. (2021); Innovation, Traceable supply
sustainability and value Sachs et al. (2019); digitalization, chains, circular
Machado et al. (2023); sustainability, economy, healthy and

Kontz (2021); Kontz et
al. (2025)
Source: Authors’ elaboration.

consumer value sustainable products,

social legitimation

2.2 TERRITORY, GEOGRAPHICAL INDICATIONS AND PRODUCT IDENTITY

Competitiveness in highly differentiated agri-food products is increasingly
anchored in the ability to articulate territorial attributes with market strategies. Territory
ceases to be merely a physical space and becomes a strategic resource, combining
ecological conditions, socio-productive arrangements, and symbolic references that shape
consumers’ perception of value (Ray, 1998; Ilbery & Kneafsey, 2000).

From this perspective, the notion of terroir, traditionally associated with wine, has
also gained centrality in olive oil, explaining how specific interactions among soil, climate,
topography, agricultural practices, and local culture result in unique and inimitable sensory
profiles. Likewise, Geographical Indications (GI), Protected Designations of Origin
(PDO), and Protected Geographical Indications (PGI) operate as institutional mechanisms
that translate and protect these territorial resources.

In addition to ensuring authenticity and preventing undue appropriation of
collective reputation, such certifications strengthen the governance of the value chain,
stimulate coordination among its segments, and promote rural development grounded in
local knowledge (Belletti, Marescotti & Touzard, 2017; Tregear, Kuznesof & Moxey,
2007). In practice, they function as strategic instruments to escape price-based competition

and consolidate differentiation based on origin, quality, and production heritage.
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The consolidated experiences of Tuscany, Andalusia, Alentejo, Provence, and Crete
demonstrate the strength of territorial identity in the construction of premium markets. In
these regions, olive oil is closely associated with tourism experiences, terroir-based
gastronomy, cultural routes, and centuries-old traditions (Muchnik & Sanz Cafiada et al.,
2010).

Thus, in the context of olive growing, territorial identity is not limited to landscape
or tradition but incorporates contemporary values such as well-being, authenticity,
sustainability, and traceability. The convergence of territory, quality, and sustainability
therefore constitutes a strategic foundation for positioning olive oils, particularly those
produced in emerging regions such as southern Brazil, within sophisticated global markets

that are highly sensitive to origin.

2.3 GLOBAL DYNAMICS OF THE OLIVE OIL MARKET AND HEALTH
CONSIDERATIONS

The international olive oil market is characterized by strong production
concentration and significant geographical asymmetry. According to the International
Olive Council (IOC, 2019; 2023) and recent Eurostat data (2023), more than 70% of global
production is concentrated in a few Mediterranean countries, notably Spain, Italy, Greece,
Turkey, and Portugal. Spain alone accounts for around 40—45% of all global production,
exerting decisive influence over international prices, stocks, and market trends.

Despite this historical concentration, the emergence of new producing territories
can be observed, such as Brazil, Uruguay, Argentina, the United States, Australia, and
Chile. These countries, referred to as new olive-growing regions, are characterized by more
technified production systems, intensive and super-intensive management models, and
marketing strategies based on freshness, traceability, and territorial identity.

The expansion of olive cultivation into non-traditional areas is associated both with
the genetic adaptation of cultivars and with the dynamics of the global market, which
demands differentiated, sustainable, and high-quality olive oils.

From a consumption perspective, olive oil is no longer a product restricted to
Mediterranean countries. Growth has been significant in middle- and high-income nations
(Lopez-Miranda et al., 2020). This movement is driven by three structuring vectors:

Scientific evidence on health benefits, especially regarding the prevention of

cardiovascular diseases, antioxidant activity, and anti-inflammatory properties, has
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reinforced the importance of olive oil consumption (Jimenez-Lopez et al., 2020; Romani
et al., 2019).

Beauchamp et al. (2005), Cornwell and Ma (2008), and Lopez-Miranda et al. (2020)
recognize the relevance of the bioactive compounds in olive oil, including hydroxytyrosol,
oleocanthal (with anti-inflammatory properties similar to ibuprofen), oleuropein, and
tocopherols (vitamin E). These compounds consolidate olive oil as a functional food and

drive its insertion into health and wellness niches.

3 DIFFERENTIATION AND COMPETITIVE ADVANTAGES:
MEDITERRANEAN VERSUS BRAZIL

Recent studies show that Brazilian olive oils, especially those produced in
temperate-climate regions with high thermal amplitude, such as Rio Grande do Sul, have
reached chemical and sensory standards comparable to (and in some cases superior to)
traditional Mediterranean oils (Embrapa, 2017; Zago et al., 2021). This finding breaks with
the historical paradigm that excellence in olive oil would be restricted to the Mediterranean
basin, revealing the competitive potential of new producing regions.

The performance of Brazilian olive oils can be explained by a unique combination
of factors:

Scientific literature indicates that extra virgin olive oils produced in Brazil’s
temperate regions, particularly in Rio Grande do Sul, stand out due to their high levels of
total polyphenols and bioactive compounds associated with sensory quality, oxidative
stability, and health benefits (Embrapa, 2017; Zago et al., 2021). Phenolic compound levels
frequently exceed 300 mg/kg, a value comparable to premium Mediterranean oils and
superior to oils obtained from late harvesting or longer intervals between harvest and
processing (Romani et al., 2019; Jimenez-Lopez et al., 2020).

Among the major phenols present in Brazilian olive oils are oleuropein,
hydroxytyrosol, and oleocanthal, the latter widely studied for its anti-inflammatory activity
similar to ibuprofen, as demonstrated by Beauchamp et al. (2005). These compounds act
as powerful natural antioxidants, providing the oil with functional properties such as
protection against oxidative damage, improvement of lipid profile, and reduction of
inflammatory markers (Cornwell & Ma, 2008; Lopez-Miranda et al., 2020).

The literature emphasizes that high concentrations of bioactive compounds are
directly related to oxidative stability, a characteristic that determines the oil’s shelf life and

resistance to rancidity. Oils with higher phenolic content exhibit longer induction times
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and greater resistance to degradation by light, oxygen, and temperature (Gargouri; Zribi;
Bouaziz, 2015; Sanmartin et al., 2018).

Several agronomic and technological factors explain the superior performance of
Brazilian olive oils. Studies conducted by Embrapa indicate that early harvesting,
commonly practiced by producers in Rio Grande do Sul, promotes the formation of green,
herbaceous oils naturally richer in phenolic compounds due to the lower degree of fruit
maturation (Embrapa, 2017).

Likewise, low nighttime temperatures, typical of temperate climates, stimulate the
accumulation of plant defense compounds, resulting in higher phenolic density in the fruit
(Koutsaftakis et al., 2000).

Another determining factor is the short interval between harvest and extraction,
often less than four hours in mills in Rio Grande do Sul. This reduced time minimizes
respiration and enzymatic degradation processes, preserving volatile and bioactive
compounds responsible for the freshness and sensory complexity of the oil (Zago et al.,
2021; Pedan et al., 2019). This practice contrasts with more extensive and fragmented
Mediterranean systems, in which the time between harvest and processing may exceed 24
hours.

Another point to consider is the extremely low acidity of the product produced in
Rio Grande do Sul. Acidity levels in RS oils often range from 0.1% to 0.2%, well below
the 0.8% limit for extra virgin oils established by the IOC. In some cases, batches display
values of 0.08% or lower, indexes comparable to the finest oils from Tuscany and Alentejo.

Low acidity results from good orchard health, fast and clean harvesting, almost
immediate transport to the mill, and extraction using modern systems with an inert
atmosphere. This combination reduces hydrolysis and lipid oxidation processes, preserving
the integrity of the oil.

Another factor that may constitute a point of differentiation is the sensory
characterization of Brazilian olive oils, especially those from Rio Grande do Sul,
evidencing the construction of an emerging sensory identity marked by positive attributes
highly valued in traditional producing countries. Studies conducted by Embrapa and
independent chemical-sensory analyses show that oils from the cultivars Arbequina,
Arbosana, Koroneiki, and Picual exhibit consistent sensory profiles, with moderate to
intense green fruitiness, herbaceous notes, and high harmony (Zago et al., 2021).

Among the most frequent descriptors are aromas of:

» fresh herbs
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e green tomato
» green apple
* arugula

* green banana peel

Regarding freshness, resulting from the preservation of volatile and bioactive
compounds immediately after extraction, it emerges as one of the main competitive
advantages of Brazilian oils. Unlike what occurs in many traditional regions, where
harvesting is carried out in large volumes and transported over long distances, Brazilian
orchards are characterized by:

* small and medium-sized farms

» short logistics

* proximity between orchards and mills
* manual or semi-mechanized harvesting

* immediate processing, generally within less than 4 hours after harvest

This dynamic drastically reduces fruit respiration and the formation of sensory
defects, especially those associated with fermentation, degradation, or excessive heating
(Embrapa, 2017; Zago et al., 2021). In contrast, in Spain, Italy, and Greece, it is common
for the interval between harvest and extraction to exceed 24-48 hours, especially in large-
scale production regions where processing demand temporarily surpasses mill capacity.

Rapid processing results in:

» preservation of aromatic volatile compounds
» greater intensity of green fruitiness

* lower formation of defects

» brighter color and characteristic sheen

» preservation of phenols, positively impacting oxidative stability

Finally, producing regions in Brazil, particularly Campanha Gatcha, Serra do
Sudeste, Planalto das Araucéarias, and parts of Serra da Mantiqueira, present a set of
edaphoclimatic characteristics that favor the production of high-quality olive oils, even
though they limit large-scale productivity. Climatic zoning studies (Wrege et al., 2009;
Filippini Alba et al., 2013) indicate that these regions feature:

* temperate climate, with well-defined winters and moderate summers
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» significant daily thermal amplitude, which stimulates the synthesis of phenolic
compounds

* soils of moderate fertility, which reduce excessive vigor and favor greater
concentration of bioactive compounds in the fruit

» well-distributed rainfall, reducing the need for intensive irrigation

These conditions contrast with the classic Mediterranean climate, characterized by:
* very hot and dry summers
* heavy dependence on irrigation
* severe water stress in many years

* higher occurrence of alternate bearing (“bienniality”)

Although extreme water stress in the Mediterranean may favor phenolic levels in
some cases, it also increases agronomic risks and production instability.

Brazil, particularly Rio Grande do Sul, presents a stable quality pattern, although
with lower productivity due to insufficient winter chill in some years and variable climatic
risks (rain during harvest, strong winds, late frosts). The “low scale with high quality”
model therefore results from:

* climatic conditions favorable to phenolic accumulation
* lower pressure of Mediterranean-specific pests
» technical and careful harvesting

e accelerated modernization of Brazilian mills

Thus, while the Mediterranean retains the advantage of volume and tradition, Brazil
stands out for its advantage in quality and innovation, positioning itself strategically in

premium and gourmet niches.

4 METHODOLOGY

The present study adopted a qualitative approach, exploratory and analytical in
nature, based on a systematized literature review and a comparative analysis between olive
oil-producing regions.

The investigation was structured using national and international scientific sources,
prioritizing peer-reviewed articles, technical reports, official regulations, and institutional

documents relevant to the olive oil sector. Databases such as Scopus, Web of Science,
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Scielo, Google Scholar, and repositories of specialized institutions, including Embrapa, the
International Olive Council (IOC), Eurostat, and Brazilian governmental bodies (MAPA
and Ibraoliva), were consulted, using descriptors related to competitiveness, olive oil
quality, polyphenols, terroir, technological innovation, Brazilian olive growing, and
differentiated agri-food markets.

The selection of materials followed criteria of thematic relevance, recency,
methodological rigor, and alignment with the central objective of the study, covering
publications produced primarily between 2000 and 2024. Classic studies on competitive
advantage (Porter, 1980, 1985), strategic resources (Barney, 1991), dynamic capabilities
(Teece, Pisano & Shuen, 1997), and agri-food territory and identity (Ray, 1998; Belletti et
al., 2017) were included, as well as recent research on the chemical and sensory quality of
Brazilian olive oils (Zago et al., 2021; Embrapa, 2017).

The methodology involved three integrated stages. The first consisted of the
conceptual systematization of the main theories of competitiveness applied to agri-food
chains, allowing the construction of the analytical framework used to interpret sectoral
data. The second stage comprised a documentary analysis of chemical, sensory, and
agronomic studies, with special attention to empirical results regarding polyphenol content,
acidity, oxidative stability, sensory profiles, and the edaphoclimatic conditions of Brazilian
and Mediterranean producing regions.

This analysis sought to identify factors that influence quality and differentiate
products between traditional regions and new olive-growing frontiers. The third stage
involved the construction of a comparative analysis between Brazil and the Mediterranean,
integrating scientific evidence with the theoretical interpretation of differentiation
strategies and competitive advantage.

Triangulation was also carried out between empirical studies, theoretical references,
and sectoral data, ensuring greater interpretive consistency. The comparison was structured
around key dimensions such as terroir, chemical characteristics, sensory profiles,
technological practices, sectoral governance, and market strategies. This triangulation
made it possible to identify convergent patterns, regional singularities, and strategic
opportunities for Brazilian olive growing.

Finally, the results of the review and comparative analysis were integrated into an
interpretative  discussion, in light of contemporary theoretical frameworks of
competitiveness, innovation, and territorial identity. The qualitative and analytical nature

of the research enabled a deep understanding of how natural, technological, institutional,
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and market factors combine to sustain the differentiation of Brazilian olive oils in premium

markets.

5 DISCUSSION AND RESULTS

The analysis of the data and specialized literature reveals that Brazilian olive
growing, especially that developed in Rio Grande do Sul, has reached a level of
competitiveness that challenges the traditional perception of Mediterranean hegemony in
the production of high-quality olive oils.

Studies by Embrapa (2017) and Zago et al. (2021) demonstrate that Brazilian olive
oils frequently present polyphenol levels above 300 mg/kg, with high concentrations of
compounds such as hydroxytyrosol, oleuropein, and oleocanthal. Beauchamp et al. (2005)
had already highlighted oleocanthal as a potent anti-inflammatory agent, comparable to
ibuprofen, reinforcing the functional appeal of Brazilian olive oils identified by Cornwell
and Ma (2008), Romani et al. (2019), and Lépez-Miranda et al. (2020).

The high density of phenols is directly related to oxidative stability, as pointed out
by Sanmartin et al. (2018) and Gargouri, Zribi and Bouaziz (2015), indicating that oils
produced in Rio Grande do Sul have longer shelf life and lower susceptibility to rancidity.

This remarkable chemical performance is favored by specific agronomic and
technological factors. Early harvesting preserves the amount of bioactive compounds
(Embrapa, 2017), while low nighttime temperatures, analyzed by Koutsaftakis et al.
(2000), promote the accumulation of plant defense compounds, increasing phenolic
content.

In addition, the short interval between harvest and extraction, generally less than
four hours, reduces olive degradation and preserves volatiles responsible for freshness, as
observed by Pedan et al. (2019). In comparison, Mediterranean systems, especially in Spain
and Italy, may operate with 24- to 48-hour windows between harvest and processing,
increasing the formation of defects such as “fusty” and “mustiness,” frequently noted as
critical in the international literature (I0C, 2019; 2023).

In the sensory domain, the characterization of Brazilian olive oils stands out for
harmony, green fruitiness, and aromatic complexity. Zago et al. (2021) demonstrate that
the cultivars Arbequina, Arbosana, Koroneiki, and Picual, when cultivated in regions such
as Campanha Gaucha and Serra do Sudeste, exhibit sensory profiles with aromas of fresh
herbs, green tomato, green apple, and arugula, sensory attributes widely valued in

international competitions and aligned with the classifications established by the I0C
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(2023). These profiles, as analyzed by Vossen (2013), are typical of premium olive oils
and result from combinations of terroir, management practices, and efficient extraction.

Brazilian climatic conditions operate as a natural competitive advantage. Studies by
Wrege et al. (2009) and Filippini Alba et al. (2013) show that the producing regions feature
temperate climate, marked winters, and significant daily thermal amplitude that favor the
synthesis of phenolic compounds and improvement of oxidative stability.
The relatively uniform distribution of rainfall reduces extreme water stress, unlike the
Mediterranean pattern, where severe droughts and heat waves affect not only volume but
also quality, as analyzed by Yousfi et al. (2020). Although the classic Mediterranean
climate may favor phenols in years of moderate drought, it also generates agronomic risks
and production instability, highlighting the difference between a volume-based model and
one structured for quality.

Brazil’s performance is also associated with the technological modernization of
mills. Nardella et al. (2021), Kalogianni et al. (2019), and Clodoveo (2013) highlight that
advanced extraction technologies, controlled malaxation, and hermetic centrifugation
systems have been rapidly incorporated into the Brazilian model, contributing to oils with
greater freshness and fewer defects.

Brazilian competitiveness is also linked to territorial and institutional dimensions.
Belletti, Marescotti and Touzard (2017), Tregear et al. (2007), Ray (1998), and Ilbery and
Kneafsey (2000) demonstrate that the construction of territorial identity strengthens
reputation and adds symbolic value to agri-food products.

The trajectory of olive growing in Rio Grande do Sul indicates strong potential for
the consolidation of GIs in regions such as Campanha Gaucha and Serra do Sudeste, a
phenomenon comparable to well-established denominations in Tuscany, Andalusia, and
Alentejo (Muchnik & Sanz Cafada et al., 2010).

This association between territory and product is aligned with analyses by Kontz,
Palmeira and Zago (2014), Machado et al. (2023), and Kontz and Antunes (2025), who
argue that socio-environmental reputation, legitimacy, and strategic positioning are central
determinants of competitiveness in agri-food chains.

The set of results shows that Brazilian competitiveness does not derive from
production scale but from qualitative excellence. This model reflects the logic described
by Porter (1985; 1998), in which differentiation strategies, not cost leadership, sustain

competitive positions in sophisticated markets.

155



Barney (1991) demonstrates that natural resources (terroir), organizational
resources (innovation, governance), and relational resources (territorial identity) become
valuable, rare, and difficult-to-imitate assets. Similarly, the rapid capacity for technological
and agronomic adaptation in the Brazilian sector reflects the framework of dynamic
capabilities discussed by Teece, Pisano and Shuen (1997), indicating that sustainable
competitiveness depends on continuously learning, innovating, and reconfiguring
productive practices.

The integration of terroir, qualified management, rapid extraction, technology,
governance, and sustainability demonstrates that Brazil has structural and institutional
conditions to consolidate itself in high value-added niches. While the Mediterranean
maintains its historical leadership in volume, Brazil stands out as an emerging producer of
exceptional olive oils, with a unique sensory identity, high phytochemical density,

unmatched freshness, and growing international recognition.

6 CONCLUSIONS

The analysis carried out shows that the competitiveness of olive oil in the global
scenario is no longer explained exclusively by traditional factors such as production scale,
the age of the activity, or historical tradition, but now incorporates contemporary
dimensions linked to quality, innovation, sustainability, and territorial identity.
In this context, Brazilian olive growing, especially that developed in Rio Grande do Sul,
emerges as an emblematic case of strategic repositioning within a highly concentrated
sector dominated by Mediterranean countries.

The results demonstrate that Brazilian olive oils achieve physicochemical and
sensory parameters equivalent to, and in many cases superior to, those of premium oils
from renowned regions such as Tuscany, Andalusia, or Alentejo. The combination of early
harvesting, rapid extraction, temperate climate, marked thermal amplitudes, and low pest
pressure provides the country with intrinsic advantages that translate into high polyphenol
content, low acidity, and balanced sensory profiles.

These attributes reinforce the argument that Brazilian competitiveness is based on
strategic resources that are valuable, rare, and difficult to imitate, and that the rapid
incorporation of advanced technologies and practices reveals the sector's capacity to
develop dynamic capabilities.

In addition to natural and technological factors, sectoral governance plays a relevant

role in the consolidation of the industry. The coordinated action between Embrapa,
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universities, producers’ associations, export support programs, and state public policies
contributes to strengthening productive capacities, standardizing processes, and
consolidating a culture of continuous innovation. This institutional environment fosters not
only internal competitiveness but also the construction of external reputation, a central
element in high value-added agri-food chains.

Another relevant aspect concerns the construction of territorial identity. Although
still in its early stages, regions such as Campanha Gaucha, Serra do Sudeste, and
Mantiqueira exhibit consistent edaphoclimatic characteristics and emerging cultural
narratives that reinforce a positioning based on origin, authenticity, and typicity.

The prospect of future Geographical Indications and the increasing linkage of olive
oil to rural and gastronomic tourism suggest that Brazilian territory may consolidate strong
regional brands in the medium term, provided that investments in coordination,
certification, and quality communication are maintained.

In summary, the results point to a Brazilian model of competitiveness founded on
excellence, innovation, and territoriality rather than volume. This represents a solid
strategy for insertion into premium markets that value intrinsic product attributes and
sustainable practices, increasing consumer perceived value and ensuring effective
differentiation in highly competitive markets.

The trajectory of Brazilian olive growing demonstrates that it is possible to build
sustainable competitive advantage even in sectors traditionally dominated by countries
with centuries of tradition. Brazil, by articulating terroir, science, governance, and
innovation, establishes itself as an emerging protagonist in the so-called “New World of
olive oil,” showing that contemporary competitiveness relies less on tradition and more on

the capacity to generate authentic, consistent, and globally recognized value.
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